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FOREWORD 



The Committee on Nuclear and Radiochemistry is one of a number of committees working under the 
Board on Chemical Sciences and I echnology of the Commission on Physical Sciences, Mathematics, 
and Applications of the National Research Council. Iti members are drawn from academic, 
industrial, and goven^ment laboruories tad rcfimentlbeanaB of nuclear chemist^ 

and nuclear medicine. 

The committee has concerned itself with those areas of nuclear aeiaaoe that involve the 

chemist, such as the collection and distribution of radiochemical procedures, specialized techniques 
and instrumentation, the place of nuclear and radiochemistry in college and university programs, the 
trainiiig of nuclear ttidiaillioehemitia, radioehamistry in environmental science, and radionuclides in 
nuclear medicine. A major interest of the committee is the publication of the Nuclear Science Series 
of monographs on Radiochemistry, Radiochemical Techniques, and Nuclear Medicine. 

The committee has oodat'vored to present monographs that will be of maximum use to the 
working scientist. Each monograph presents pertinent information required for radiochemical work 
with an individual element or with a specialized technique or with the use of radionuclides in nuclear 
medicine. 

Experts on the various subjects have been recruited to write the mono8nu>hs. The U.S. 
Dapwtment of Energy sponsors the printing of the series. 

The prasant monograph is a review of the current status and use of technetium in medicine. 

This monograph, one of the series on Nuclear Medicine, is published as part of our continuing effort 
to update, revise, and expand the previously published monographs to keep them current and relevant. 



Richard L. Hahn, Chairman 

Committee on Nudear and Radioeheniistry 
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I. 

Introduction 



Ttehnetium. element #43 in the Periodic Table, was discovered in 1937 by Perrier and Segrd, 
vrbo separated it from a molybdenum deflector plate after some years of deuteron irradiation in the 

Berkeley cyclotron.'*' At present there are 17 known isotopes, all radioactive, and 6 nuclear isomers. 
Of these, the short-lived nuclear isomer ^SmTc (T 1/2 = 6.03 h) is used in nuclear medicine, and the 
mudi longer>lived MTe (Tl/2 s 2.1 x 10^ years), which is available from uranium fission, is used to 
establish the general chemistry of the element at conventional chemical concentrations.^ Three 
ahortcr-Uved isotopes. 92Tc (T 1/2 = 4.44 minutes). 93Tc (T 1/2 = 165 minutes) and ^niTc (T 1/2 s 52 
minutes) which are poBitron emitters, may find use in positron emission tomography.'* 

The first ii\)ection of Na 99n>Tc04 into a human was made in 1961;*' following the development 
of the so^alled Brookhaven generator.*^ Its use in diagnostic medicine expanded rapidly. A 
bibliography of medical applications showed some 1600 references in the period 1965-1971. In 1970 it 
was estimated that more than 2000 daily diagnostic procedures based on 99mXc were carried out in the 
United States alone."" In 1985, the market for MmTc generators was $30 million and the mariiet for 
instant kits to be used with the generator was an additional $30 millioa. At the present time more 
than three quarters of the routine nuclear medicine diagnostic procedures use 99mTc'^'. Its radiation 
diaraeteristics are excellent for this purpose. Its half life is 6.03 hours, it emits gamma ray photons, 
bufcnobeta particles and only low energ>- or low frequency Auger electrons. The predominant photon 
•oergy • 0.1405 MeV - is almost totally absorbed in the thin thallium-doped sodium iodide single 
crystal slabs used in the various cameras.' Although other generator systems offer some real 
advantagea over the ^tSoMuftc generator,'*' its use is increasing. 

The chemistry of 99ni>Tc in medicine is another matter. There is no single unifying theme in this 
topic, except for the successful end-use of various preparations for clinical diagnoses. Complexities in 
the chemistry, especially in aqueous "solution, make it difficult to assign an overall role to its behavior 
in medically useful radiopharmaceuticals as one might do in the case of much better understood 
elements like nickel and cobalt. At the same time very little isicnown about the metabolism and the 
ultimate fate of the various S^mTc -containing radiopharmaceuticals which have been injected. 
Because of the lack of a single theme the procedure which will be followed in this review will be to 
describe the relevant chemistry of technetium in its various oxidation states. In the ease of die 
pertechnetate anion, TCO4", no distinction will be drawn between the chemistry of ^^Tc imillimolarj 
and that of 9dmTc04~ (nanomolar range). For the reduced states of technetium, we shall present the 
dwmistry of appropriate een^exes for the more eeneentrated solutions by oxidatkm state and then 
discuss the ehcmistoy of radiopharmaceutieal preparations. 

Technetium is a second-row transition metal. It in group Vila of the Periodic Table,** betow 

manganese and above rhenium. Its neighbors are molybdenum, fiA2. and ruthenium #44. The second 
and third-row transition metals show much greater complexities in their chemical behavior than the 
first-row elements. Their spin-erUtal ecraqpUnc constants are much larger, as are ligand field 
spiittines, leading to more eleetron pairing, with resulting low magnetic moments (except for d-3 
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states) The highest oxidation states are more stable than those of their iirst-row congeners, and the 
ehemistry of the low«r oxidation states becomes quite complicated, often exhibiting metal-metal 
bonding Technetium itself can assume any oxidation state from + 7 to 0. It resembles manganese to a 
limited extent, and rhenium to a much greater extent. In its compounds it exhibits coordination 
numbers from 4 to 9. and their crystal structures show great variety .< t<» In water, and of necessity our 
major interest is in its aqueous chemistry, many of its compounds hydrolyze, polymerize, and become 
colloidal. In this treatment, we shall draw upon the chemistry of rhenium compounds, which often 
resemble their technetium analogs, and occasionally on the chemistry of isoelsctroiue motybdtittuii 
eompounds. 
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11. 

Methods of Analysis of Teclinetium-99 



Methods of analysis for total technetium are of Umited direct interest in nuclear medicine, since 
the central analytteal ivoblem in that area is the determination of the quantity of technetium>99m in 
a particular chemical form rather than a determination of the total technetium present in a sample. 
Usually jihysical methods (with perhaps some preliminary chemical operations) suffice for the 
detarminatioa of total tedmttium. These methods inelude liquid scintillation counting,"' neutron 
activation analysis;*^ atomic aboorption/**' x-ray flttoraeeenee^*^** and mast spectrometry. ^ 

The pertechnetate ion in water shows strong absorption in the U V at 244 nm and 287 nm (C 
s5680 and 2170 M ~ ^ cm respectively) In addition, a strong infrared band at 901 em'S 
characteristic of the Tc s O stretch, has been uaed.U7) 

There are a number of spectrophotometric methods for the determination of technetium which 
have been developed over the years. In most of these, strongly colored complexes or chelates of 
technetium are formed, with high molar extinction coefHcients. The chemistry is known in only a few 
of these. They are included here because two of them tUustrate different relevant problems in 
technetium chemistry. 

The first is the thiocyanate method of determination originated by Croutharoel.(M) 
Concentrated ammonium thiocyanate (NH4SCN) both reduces pertechnetate and forms complexes 
with the reduced forms in 3 5-4.0M sulfuric acid. A red-purple solution is produced. Acetone 
(60%V/V) markedly increases the absorbance at SlOnm and 400nm. The molar absorptivity at SlOnm 
is 47.500 j*i 500 M"'cm"". This product is soluble in organic solvents. A yellow complex in a lower 
oxidation state is also formed which absorbs at 400nm. This method is the basis of a projected oflicial 
ASTM (American Society for Testing Materials) standard method for technetium analysis. 
Crouthamel. on the basis of the corresponding rhenium chemistry, ^ assigned the red complex to 
Tc( V), and the yellow complex to Tc(IV), and reported that while the red complex resisted oxidation, 
the yellow complex was easily redueed. Schwochau. Astheimer and Sehenk abe attributed the red 
complex to Tc(V) as the Tc(NCS)6'" anion, and the yellow complex to Tc(IV1 as the Tc(NCS)6*'' anion, 
and measured the standard redox potential in IM H2SO4 which turned out to be -^ 0.53 volts at 25°.''^* 
However, Trop et al who found that the hexahalometalate complexes of Tc(IV) were very difficult to 
oxidize to hexahalometalate complexes of Tc(V) ^ later reported the synthesis and purLflcation of a 
purple compound, (Ph^AstaTcCNCS)^, verified by IR, Raman, conductivity and magnetic susceptibility 
meosuremmts. fn aeetonitrile it showed an absorption peak at SOOnm with a molar absorptivity of 
76,100 They also reported the synthesis and properties of yellow air-sensitive (Ph4As)3Tc(NCS)5 with 
C = 8,300 at 410nm. The structure of Crouthamei's yellow Tc(lV) compound was elucidated. 
Pblarographie measurements in aeetonitrile showed a reversible one^leetroo transfer between Te(III) 
and the TiKIV) complexes; Eta versus standard eatomiel was +0.18 volts. A more recent paper 



•aiolar Abeorptivilsr from Anal Chem 54:157 (1902) 
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by the same group was devoted to the synthesis and properties of a Tc(V) complex: 
(Ph4A8)2TcO(XCS)5 In the presence of excess thiocyanate (in aoetonitrile) this compound is easily 
reduced to mixtures ofboththeTc(IV) compound, Tc(NCS)6*' and theTc(III) compound Tc<NCS)8*". 
In short, the standard analysis for technetium in strongly acidic thiocyanate solutions probably 
involves the early formation of theTc< V) complex, which is rapidly reduced by excess thiocyanate to a 
mixture of theTc(III) andTc<IV) complexes, absorbing at 400 and 510 nm respectively This is in 
contrast to rhenium in which ReO(N'CS)5'" (Re(V)) and Re(N'CS)6' " (Re(IV)) are invol ved This 
illustrates the complexity of technetium chemistry, as well as the danger of too readily accepting 



riwnium behavior as an oxaet model for taehnetium in all easet. 

TcfVl TdIV) Tcavi Tdom 

Xbu 510 nm 400 nm 500 nm 410 nm 

e 47,500±500 - 76.100 8.300 

CoUw rodimrple yellow purple yallow 



The second example is concerned with the use of thioglyoolic acid, HSCH2COOH, as an 
analytical reagent for technetium. The sulfhydryl group is the reductant in a test developed by Miller 
and Thonuuon.'*) They found that at pH 8 a green complex (Xmax 65S nm, 8 — 1800) was formed, but 
that in acid solution there was only general absorption in the range 350-500nm. Davison et al, 
attempting to synthesize a technetium complex of thioglycollic acid found a product which was derived 
firom an impurity in a commercial preparation. Hiis impurity was mercapti^ioaoetic acid, 
HSCH2COSH, which made up 15% of the starting material, and which reacted preferentially relative 
to the thioglycolic acid itself, forming TcOiSCHjCOSjs- in acetonitrile this compound showed two 
bands: at 415nm (C = 3665) and at 325nm (C - 3100). While large solvent shifts are possible, it is 
difficult to understand how the Miller-Thomason method avoided the formation of the 
mereaptothioaoetate complex. Presumably the commercial material used by them was of high puri^. 

Electroanalytical methods of analysis (principally current-voltage curves) have also been used 

in the determination of 99Tc. Since this is a complicated question, reference at this point is limited to 
analytical methods for total technetium, usually based on the electro-reduction of pertechnetate. In a 
phosphate buffer at pH Tor KCl solution adjusted to pH 10, a linear relationship was reported between 

the pertechnetate concentration and the diffusion current. ^ Anodic stripping in 1 M NaOH after 
deposition on a mercury drop has also been used. A coulomeinc method at fixed potential in a 
tripolyphosphate solution in an acetate buffer at pH 4.7 was reported to give accurate and reproducible 
results .An amperometric method based on the electrogeneration of Sn(II)from Sn) I\'i in a 
concentrated NaBr solution with HBr and the reduction of Tc04~ generated SnUii reagent is 

said to be satisfiMtory 



m. 

Sources of Technetium-99m 



Feitecfanetate-Min is obtaiiicd in three wayi: from « gtntrator, as "instant teduwtium*' by 

extraction, or as TC2O7 by high temperature evaporation In all three cases It is produced by the decay 
of molybdenum-99. The latter is either a fission product or is made by neutron bombardment of highly 
purified molybdanum metal in a reaetor. 

99Mo decays mostly to the 99>nTc metastable nuclide, and to a lesser extent (13%) diracily to the 
lottf-lived MTe nuclide.''^ tham is thetefore a modification of the equation wMch d eacri b et the 
growth and decay of Wf^Tc from 99Mo For a simple parent-daughter pair, in which the half-lifeofthe 
parent is longer than that of the daughter, the pair will eventually enter a state of transient 
equiUbrium. Thenuiidwrofdau^iterauelai,(Nt) IsrelatedtoNi, theniiniberorparentniieleiatthe 
same time, in the fellomag equation: 



where &i and \i are the decay constants for the parent and daughter respectively. This is the rseuit ef 
simplifying assumptiotts made on the geiMral equation: 



where NiO and respectively are the number of parent and daughter atoms present at t = 0. One 
may take the number of daughter atoms initially present, as sero. The condition for transient 

equilibrium is that e"^' is negligible compared to e -iV The accuracy of this assumption is a matter 
of personal decision but the second term represents a 1.2% contribution at 42 h. For the molybdenum- 
(sehnetium «ystem, the equati(m becomes: 






Expressed in tnms of disintegration rates or activities, it becomes: 




0.87 
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If MMo decayed only to 99toTc, the ratio of activities of daughter to parent at transient equilibrium 
would b« 1.10. However, because 13% of the ^Mo nuclides decay directly to the ^^c ground state, the 
equation Uk* th* fitnn: 




At transient equilibrium, the 9«mTc radioacth i^y is 96 25% of that of 99Mo. Long-lived S^Tc atoms will 
be present in the generators from the decay of ^^Mo as well as from the decay of ^">Tc. The chemical 
eonaequences of the appearanee of MTe in the generator from both theae decay proceseea (but mainly 
firom Uw decay of M"<Tc) are diicusaed in the seetUm on redticed Mnl^ eompo«^ 



The technetium which is produced in solution or on a column by thedecay of molybdenum- 
99(VI) is largely in the oxidation state VII corresponding to the following equation, with no breaking 
of chemical bonda. 
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Hie retention of ligands by the technetium has been found to be true with various metal-organic 
and carbonyl complexes of molybdenum^*^'*' as well as with molyfadate itself."" It mast also be the 

case for the direct decay of molybdenum to technetium-99, since the only difference in the decay 
schemes will be a small difference in the maximum energy of the molybdenum beta particle. 

A. The Brookhaven Generator 

The Brookhaven generator****^ consists of a column of about 5 grams of activated alumina, 
which has been acidified and treated with a sodium molybdate solution containing molybdenum-99. If 
the latter is a fission product, the specific activity will be very high, ( > lO^Cl/g), with very little carrier 
molybdate. If the molybdenum-99 is a reactor product, there will be many milligrams of carrier 
molybdate on the column. 

In weakly acid solution the molybdate anion polymerizes, forming the M07O24 
homo(>olymer.^ If aluminum ions are present, a Stable heteropolymer, Al(Moe034)'~, is f o rmed.'**'* 

While the structure of the molybdate polymer on activated alumina is not necessarily the same as 
that formed in aqueous acid, it can be concluded that aluminum 10ns on the activated alumina surface 
will bind some octahedral polymeric variety of MoOs groups, probably by the displacement of hydroqr 
groups eoocdinated to aluminum ions.^^ 

The nature, properties and preparation of acti vated alumina have been described elsewhere in 
some detail. *^ It may have any composition from AI2O3 H2O ( AlOOH) to AI2O3 0.1 H^O The 
materials used as catalyst beds are usually of high purity and are well-characterized with respect to 
Structure (by X-ray difikvetion, composition, surfaee area, and porosity). However, those used in 
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chromato^aphy (and this includes most of the technetium generators in the past) are described in 
much more qualitative terms by a rather arbitrary test based on dye absorption which is called the 
Brockmann degree."** 

The pertechnetate anion in acid solution is adsorbed by sites on the alumina, and will be 
displaced by an added electrolyte. For convenience this is usually a aelutUm of sodium chloride. En 
this respect, pertechnetate behaves like most univalent anions, which are readily displaced by salts of 
other univalent anions - salts like KCl or KNO3. Pol> valeat anions are very strongly held by acidified 
alumina, and are not significantly displaced by increasing oonemtrKtiMMof KGler KNO3. They can 
be displaced by other polyvalent aniona. Hm extentef diapleeement increaaes with inereasingeluBnt 
concentration.'^' 

Problems of chemical and radiochemical purity arise in the use of generators. Aluminum salt 
displacement from the column must be limited to less than20 pg/ml of eluate for reactor material, and 
tobalf ofthat for fission-derived molybdate.'^' Aluminum must be analyzed colorimetrically, by 
reaction with Alizarin S or with aurin tricarboxylic acid. The USP method uses eriochrome 
Cyanine.'**' Molybdenum-99 breakthrough is limited to less than 0. 15 pCi per mCi of 99™Tc at the 
time of use. Other gamma-emitting radioactive products in fission-based generators are limited to less 
than 0.5 pCi per mCi of ^^"^c at the time of injection. S^Sr, a beta-emitter, is limited to 6x10 * ^Ci per 
mCi of ^di^Tc whereas 90Sr is limited to 6x lO'^pCiSrper mCiof99mTeatthetimeofdosage. "^Ru 
and 1311 are also common contaminants, limited to 0.05 pCi/mCi of ^Sb>Tc.'** 

There is a problem which arises in generators: a yield of pertechnetate which may be much less 
than expected. A large, and sometimes preponderant fraction of the expected pertechnetate remains 
on the column after elution. Two group* of investigators have concluded that the effect is due mainly 
to the chemical reduction of pertechnetate caused by the radiolysis of water by the molybdenum 99 
beta particles. The reduction, however, is seen o.-.iy in the presence of alumina. The radiolysis of 
water produces solvatedeleetmu,H«tom8» OH radicals, HO2 (from dissolved oxygen). H20safid 
H2 '* An encounter between a pertechnetate ion and a solvated electron will produce technetate, 
Tc04^~ (confirmed in pulsed electron radiolysis studies). In the absence of alumina, reduced 
technetium species are not observed in irradiated pertechnetate solutions.****^' However, in the 
presence of alumina, if the TCO4'" ion is formed on or near the alumina surface, it will be strongly 
adsorbed at an anionic site like any other polyvalent anion, and it will probably not encounter another 
technetate anion because of its high dilution, so that a disproportionation reaction between distant 
neighbors is unlikely. Oxygen reduces the adsorption of technetium by the ooluains, probably by 
scavenging solvated electrons, and forming Oj*. which is itself an oxidant.'^ 

If the molybdenum 99 is a fission product, the loss of^SmTc activity by adsorption is 
unimportant, except with very high activities of molybdenum. On the other hand, if the 
molybdenum*99 is a reactor product the retention of teehnetium-99m by the column increase* with 
increasing carrier molybdenL:m content, This IS now attributed to the semi-conductor properties 
of moiybdic oxide, M0O3 (or its polymerized form)."** Molybdic oxide is an insulator which becomes a 
n-type semi-conductor by eveitatiiHi, with an activation energy of 0.5 ev. The excitation ia furnished 
by UV or X-ray photons, and presumably by beta particles as well. An electron- hole pair is created. 
The electron comes from a 2 p orbital in an oxygen ion. Further excitation (3.2 ev) will move the 
electron to the conduction band of the molyfadmum, where it is available for reaction with reducible 
Spedeslike pertechnetate. Oxygen is formed by the positive hole in a reaction with water The oxides 
TiO) and WO3, which are comparable to M0O3 , ha ve been found to reduce cupric ions to copper metal 
when suspensions of the oxides in aqueous copper salt solutions are irradiateid with ultraviolet light 
O.vygen is simultaneously produced by the oxidation of water. In similar fashion, pertechnetate 

could be reduced to technetate by conduction-band electrons of tlie molybdenum, while oxygen is 
fbraed by the reaction of a positive hole with watn*. This inteipratation means that the phenomenon 
of pertechnetate reduction is inherent in the carrier molybdate columns.'^ 
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Various remedies have been employed to correct this condition. In one form or another they 
involve adding oxidizing agents to the column " or adding scavengers of solvated electrons. 

The chemical condition of the eluate is important for labeling efficiency, especially when the 
pertechnetate is used with "instant" kits containing small amounts of stannous ion as the reducing 
agent. For large generators (>2 Ci), Salehi and Guignard^ found that discarding the small volume 
of saline that remained in the dead volume below the column bed improved the binding efficiencies for 
radiolabeling platelets and lymphocytes withSSmTc. This experimental solution to low labeling yields 
didnotMidrcwtlieiiMchan is Mc questions. The cause ofthe low yield couUte attributed to the 
presence of decayed 99mTc as 9dTc, peroxide diM to Fadiolysis or disulflde compounds extraetod from 
the rubber or plastic components. 

Excess 59Tc above the usual amount of stannous ion can be produced on Curie level 
generators. ^ The total technetium concentration was determined using ion exchange HPLC with 
Wdetoettaii. Fora7 (^generator, 99Tc was prasentatlO'^ to 10~*M. The experiimntal values are 
hitler than the theoretical values fiur MTc bjr as much as 35%. 

SrivBStava et al'^'^firand that at low concentrations of stannous ion, reduction in DTPA kits was 

stoichimetric, but reduction in pyrophosphate kits was not. based on a 4 electron change in each. At 
<20 micrograms of tin(II), no improvement in the yield was seen after 4 hours of mixing and the 
reduction was substantially less than that calculated on the basis of the ^c to tindl) ratio. Various 

kits for the preparation of ^SmJc^fAA gave very different labeling yields OSa function of added 59Tfe, 
presumably because of different amount of "usable" stannous ion. Titration of the stannous ion 
eontentefvarious kits varied widely. In nMaynedera^instant" kits, the amstuit sf total stannous ien 
is small so that limitations en tha MTe content are recommended, e.ff., for RBC"" and Ceretec"^ 

Peroxide is the secMid possible oxidizing agent that could reduce tiie radiochemical yield. 

Molinski'"* determined the yield of peroxide to be 0.33 ng/mCL'h and found microgram quantities of 
peroxide per mL eluate. This is generally too small to oxidize a substantial percentage of the stannous 
ion. 

The final reducing agent suggested as a source of low radiochemical yields is the ill-defined 
group of nAber fbrmation aeealtrators, which usually emtaias cHsuUidt compounds. Karailtonlbund 
that pg/mL of suUhydiyl compounds could be extracted iirom rubber by solutions of iodinatad contrast 

media.'"* 

Molinski reported that the presence of organic impurities reduced the elution yield, but it is 
possible that they also interfere with the labeling yield. Boyd and Sorby^'" claimed that the vinyl 
sachet containing the saline in the so-called wet generators is a source of organic material. They 
increased the elution yields by purifying the saline eluent with charcoal, but did not comment on the 
effect of the purified eluate on radiochemical yields. In addition to plasticizers, they found 
cyclohexanone and propan-l-ol. Oeutsch also found compounds with strong UV absorption being 
eluted from one commercial genMratsr. The low radiochemical yield is more prevalent for the initial 
elutions of the generator and more severe for the "wet" generators. The exact cause of tlie low 
radiochemical purity using the "Monday morning" generator is still unknown. 

B. Instant Technetium 

A second source of perteelUMtate-99m is commonly called "instant technetium." A solution of 
Na2Mo04 containing molybdenum-99 is made strongly alkaline with NaOH (>2 5M) and is then 
extracted with a solvent like methyl ethyl ketone. The ketone is normally quite soluble in water at 
room temperature, but it is salted out by various concentrated electrolyte solutions. In strong alkali 
the molybdate remains in the aqueous phase, and sodium pertechnetate is extracted almost 
completely into the ketone. The organic solvent is then evaporated and the sodium pertechnetete is 
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dissolved in saline solution/^" If this procedure is used on a Urge scale, it is necessary to add an 
oxidizing agent (air or H202 for example) to the aqueous solution in order to avoid the formation of an 
insoluble black material and to maintain the technetium in the heptavalent state. An additional 
pnbtom arises from the inevitable reactions of ketones in strong alkali, yielding substituted mesityl 
oxides and other condensation products and possible pyrogens.'**" These are said to exert a deleterious 
effect on some labeling formulations.'*" 

C. Sublimation Generator 

A third source of per technetate-99m is a sublimation generator. Heating Mo/Tc mixtures 
causes sublimation of TctO^ which is much more volatile than M0O3. Such a generator has been 
reported to yield more than 50% of the theoretical activity from active M0O3 which is heated to 850- 
HiffC for B half-hour, with air flooring over it'*" It is necessary to separate M0O3, which also sublimes 
to some extent, by decreasing the temperature by several hundred deuces in an intermediate trap in 
order to condense the M0O3. There are a number of other problems - including decreasing yields of 
TesOr after repeated heatiiigs - which have been solved in practice.'*'' 



IV. 

Technetium (VII) Compounds 



A. GemralChtmistryofTcCVIO 

The lanthanide contraction causes the ionic radii of Tc and of Re to be very similar, and many of 

their compounds are isomorphous The Tc-0 distance in thetetrahedralTc04" anion is 1.711 A. and 
thatof Re-0 in Re04~ is 1.717A. ^' Perrhenate is reported to form very weak complexes with rare 
earth ions,'**' much weaker than those <rfchloride ion. The only reported pertechnetate complex is mie 
with uranyl nitrate, determined qualitatively by extraction.'"' Perrhenate is different from 
pertechnetate in that it can form octahedral meso perrhenates in strong alkali'**' which can react with 
certain pol yhydroxy compounds containing 1 ,2 dihydroxy groups In the ri^t eonfifuration.'*" 
Another difference between perrhenate and pertechnetate is related to the probable formation of 
meso-perrlienate in weaJdy add solutions of citrate and oxalate. Ordinarily perrhenate is difficult to 
fsduee in water. and his ooll^wrators reported that it was ver>' easy to reduce it in citrate and 
oxalate media.'"" They attributed the facile reduction to the formation of complexes in which the 
perrhenate coordination number increased from 4 to 6. Citrate and other Uganda ware without afiTect 
on the polarographic reduction of pertechnetate in acid solution"*^'. 

Pertechnetate is very much like other oxo-anions such as perchlorate, CI04~, in its solution 
behavior. Pertechnic acid, HTCO4, is described as a strong acid in aqueous acid base titrations. A 
recent estimate of its acid strength in water by osmotic coefiident measurement (which agree with 
Raman spectra) shows it, like HRe04 and HCIO4, to be oomplataly dissociated even in 6M solutuMis.'*" 

It is a widely accepted idea in inorganic chemistry that salts of large anions and large cations 
are insoluble in water, and dissolve in various organic solvents. This is true of anions like CIO4", 
Re04 , and even I", which tend to precipitate with large quaternary ammonium, phosphonium or 
arsanium cations The precipitates can then be extracted into water-immisdhle solvents like 
bcn7Pne This is also true of both millimolar and nanomolar pertechnetate solutions. In addition, 
strongly basic anion-exchange resins in the chloride form will extract pertechnetate from water at all 
levels of concentration. '^'-^ The resins are eroas-linked quaternary ammonium canpounds. Probably 
the type of interaction between quaternary ammonium salts and water, which is called "watar- 
Structure enforced ion-pairmg", is responsible for the high selectivity of the resins towards 
pertaehnetate.^ 

B. Pertechnetate Binding To Proteins 

Pertechnetatc-99m in saline solution is injected intravenously into patients in a number of 
diagnostic procedures. Its condition in blood is not known. However, it is almost certainly bound to 
various proteins. Hays and Oreen reported that about 80% <tf MmTcOi' bound to serum proteins 
at 37*C in a phosphate buffer at pH 7 4 Equilibrium dialysis was used to determine this a lower value 
was obtained using gel chromatography. '^' The binding increased with decreasing temperature and 
ineraasinf addity. There was iittladiffaranoe between binding to normal serum and to 2,5 g%HSA 
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solution. The binding was assumed to be weak, r;ince prolonged electrophorestsorproloogeddiatysis 
resulted in the complete release of the pertechnetate from the protem(s). 

A more quantitativeestimateofthe binding of pertechnetate to USA was publialMdlqr 
Kominami et al, using equilibrium dialysis at 20*0.''^ The pertechnetate concentration was vttiad 
from 10~*M to 10'^: that oCHSA was maintained at 10~*M. The pH was varied from 7.3S to 0.66 by 

means of Tris, acetate and lactate buffers or with 0.4 M HCl for the more acid solutions Scatchard 
plots were used to determine the association constant for the binding, as well as the number of sites:'^ 

bound T«0* /fiet TcO^ bound TcO~ 

total HSA total HSA 

Account was not taken of competition with chloride or buffer anions. From pH 7.38 to pH 5.10, 
the association constant increated from 1.42 x 10* M"* to 2.26 x tO* M'\ The number of sites 

remained constant at 3. Calculation ofthe% bound 99™Tc04" in physiological HSA (at lO'^M) 
showed 64%. In a second paper the competition between Tc04~ and either i~or C104~ tor HSA binding 
was studied.'^ BothI' andC104~individually hada8sociationconBtont>ofl.OOx10*M*^with3 
binding sites (presumably the same) at pH 7 3. One conclusion of physiological interest was that the 
large release of 99mTc04~ relative to blood plasma following the ii^'ectionof KCIO4 was not due to the 
displacement of pertechnetate by perchlorate in blood, but rather due to the inhibition of Tc04~ 
vqitake in the thyroid and salivary glands in which the number of binding sites is limited. The overall 
results in this study were consistent with the earlier findings by Scatchard et al which were made for 
I' binding using potentiometry."* 

Johannsen, Berger, and Schumacher investigated the binding of various technetium 
compounds, including pertechnetate, to H5.A."* They used gel filtration and equilibrium dialysis. The 
latter measurements were carried out at 4, 20, and 37*0 in pH 7.4 phosphate buffer and varying HSA 
concentrations, but at 10 'M TCO4" The binding constants were calculated on the assum{ltion that 
one anion was bound to one HSA molecule. The binding equation is thus reduced to the 
radioimmiinoaasay fbrmola: 

BoundTtO^ 

— = K X totalatncofHSA 

At 20'C the constant was 6.1 x 103 One can calculate that at 20 C, their measurements showed 
that 78% of the pertechnetate is bound to HSA, compared to 64% in KominamTs weric, end 80% from 

Hays' and Green's paper. This range is reasonable for low-afTinity ligands studiedatverfooe 
concentrations of HSA. Dewai^ee and his associates obtained similar results.^' 

C. Technetium SuUur Colloid - (Co-«athored Iqr Keren tinder) 

Apert from pertedmetate itself, the only other Td VII) compound tised in nuclear medicine is 
technetium heptasulfide, TC2S7. More accurately, the principal methods of preparation used in 
nuclear medicine yield TC2S7 at higher levels of technetium concentration. " An undefined 
insoluble compound is used in colloidal form to measure liver perfusion by relative uptake in the 
reticuloendothelial cells, principally of the liver and spleen There are three reported methods of 
making the preparation, which is called technetium sulfur colloid. They are: 

(1) «9iiiTe04~ + HsS in add solution 

(2) 99mTc04' + Sb2S3 coUoid in acid, and 
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(3) MntTcOr + Na2S20amaeid. 



The first formulation of TcS^lloid in nuclear medicine was based on the reaction of *^Tc04~ 
with H2S in HCl solution. " A technetium-containing colloidal dispersion of unknown, but very small 
]>article size was produced, probably with some colloidal sulfur. The latter, if present, was formed by 
air oxidation of H2S and the need to eliminate H2S completely before injection led to technical 
eompUeatioiia. 

The reaction of no-carner-added TCO4" with previously prepared colloidal Sb2S3 was introduced 
into nuclear medicine in 1965."*' It is probably a surface reaction in which sulfide ions of the 
antimony compound are exchanged with oxide ions of the pertechnetate This means that the final 
particle size will be determined by the size of the Sb2S3 colloid which can be made as small as several 
millimicrons indiameter. This is a well-studied colloidal system"' . very much like A32S3. There 
is, for example, an analytical procedure for various metals in which an exchange of oxide complexes is 
carried out on cellulose containing metallic sulfides like Ag2S, CdS and As2^- Pertechnetate is one of 
the aniona whicli undergoas lulfida ibmwtian on such treated papers in eetd solution."*' 

Until recently the m^jor commercial source of colloidal technetium preparations was the Tc-S- 
colloid formed firom perteehnctate-99m in an acidified solution of sodium thiosulfate."*'**'' The addition 
of a perrhenate carrier does not change the basic chemistry discussed below The reaction involves 
Tc( VII) for the most part. While thiosulfates are known to reduce pertechnetate to a limited extent 
under tome eonditieoa. a MmTc(I V) compound added to a radiopharmaceutical preparation was not 
incorporated into the colloid. Since high radioehemieal yields ere obtained withMBTe-S^loid, 
reduction must not be a serious problem. 

Two types of thiosulfato reactions talw place. There is first a reaction of thioeulfate with acid, 

forming sulfur and bisulfite:"" 

S|Q|'- -t- a S + HSO^'- 
This u a complicated system in which polythionates are also formed: 

6H* 5S2O3'- = 2Ss06'' + 3H2O 

S40e*- + HSOs*- = S3O6*- + HS2O3 

I n concentrated solutions of thioeulfate salts and strong acids, high-molecular- weight sulfur- 
oxygen polymers are alee formed. The reaction rates, the nature of the rsactions and the yields of the 
various products depend in a complicated way on thioeulfate concentration, acidity and temperature. 

The second type of reaction of thtoeulfates in the system of interest is an internal oxidation and 
reduction of thiosulfote in the preiience of solutes which can fcnm insoluble sulfides or 8tid>le sulfide 
complexes;"** 

2Ag* + SsOj'- 't- HsO B AffiS + SO4'' + 2H* 

2Tc04- + 7S2O3*- + 2H- = TC2S7 + 7SO4' -t- H2O 

An acidified thiosulfate solution in which a metallic sulfide is formed will simultaneously 
generate sulfur, sulfite and polythionates. An investigation was earned out to 
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dftterinine whether there was a connection between the two types of reactions, i e . whether, for 
example, MmTcsS? was forming on the surface of growing sulfur particles or was at the center. A 
cofninercialTe-S-eolloidkitwMclttpUealed. The standard eofwentratkm of NesSgOs was 5x lO^'M, 
and that of HC1 was5 x 10 Na99'»>Tc04 was added to 10 "^M, foHowed by gelatin, and the solution 
in a test tube was heated in a water-bath at lOO'C for ten minutes. It was cooled, and the pH was 
raised to 6.5 with a phosphate buffer. Graded Nuetepore membranes showed that there was a range of 
particle sizes from 0.1 \im to 3.0 pm, resembling the average size found in three other commercial 
preparations."' Methods of analysis were developed for thiosulfate, sulfite and sulfur, and were 
applied to various Tc-S-colloid preparations alter ^f uclepore membrane filtration. At tiM same time 
the thiosulfate and acid concentrations were varied, as was the incubation time at lOO'C The 
following Table shows some typical results in a 0.01 M NaaSjOs solution in which the other variables 
were "standard." 

TABLE 1 

Distribution <rf'Te in Nuclepore Piltrates-Partiele Sise (|im) 



l^rtielaaiaB.MM %Tc %8 

>l 5 8 

10 7.5 10.5 

0.6 - 0.4 73 80 

0.4 - 0.1 1 t.S 

<0J 13.5 0 



In general, for particle sizes greater than 0.1 (im in diameter, the % of sulfur in the filtrates was 
not vary difforent from that of technetium. However, for very small portides - those smaller than 0.1 
pm, there was very little sulftir, but a significant yield of the technetium, of the order of 15%. 

The analyses of Table I suggested that the Te colloid was formed more rapidly than the sulfor 

colloid, and ihal the sulfur colloid formed at lease in part on the Tc colloid which served as a nucleus 
At the same time some sulfur nuclei were probably forming independently - that is, homogeneously. 
The elassieal work of Zaiser and LaMer showed tiiat homogeneous nucleation of the sulfur colloid took 
place at room temperature in 0 001 - 0 002 M Na2S203 and up to 0 002 M HCl '* When sulfur was 
generated in the thiosulfate-HCI solutions studied by LaMer, it was initially in homogeneous solution 
As its concentration increased, it became supersaturated and at a certain degree of supersaturation. it 
suddenly formed nuclei which grew as more sulfur was homogeneously generated. The conditions of 
radiopharmaceutical preparation are not drastically different from those of his room-temperature 
studies. LA.Mer was interested in generating monodisperse sols and allowed the reaction to proceed 
only to the extent of 10%, The higher concentration of reagent, the higher temperature and the 
greater degree of conversion (about 60% of the available sulfur is in the elemental form in the 
standard preparation) produce a polydisperse sulfur colloid. The chemical similarity between the two 
types of experiments is shown in the yield of polythionate (determined bydiflbrenoe). it was 8-10% of 
total reacted sulfur for both the LpsMer sols and the standard preparation. 

In one experiment with a solution containing 10'i2MTcO4 in place of the 10 

concentration in the standard preparation, the distribution of radioactivity as a function of particle 
size was about the same in the two solutions. This suggested that other metal sulfides were acting as 
nuclei for the technetium in the more dilute solution, and perhaps in the standard solution as well An 
analysis of two batches of reagent-grade N'a7S203 SHjO showed a total of 1 2 ppm of Ag. Cu, Sh, and 
Snand more than 1 ppm of W in each, (.u ndoubtedly, gelatin and HCl ai!>o contain metal salts which 
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can form sulfides or sulfide complexes by reacting with thiosulfate in acid The total concentration of 
such metals may be variable from baich lo batch, but they may be in excess relative to the technetium. 
If they form sulfides mora qukkly than technetium, they may carry the latter by sulfide-oxide 

Since the publication of the first article on Tc-S-colloid''^' it has been the practice in the field to 
raise the pH of a cooled colloid preparation to 6 or 6.5, but no higher. It was reported that in more 
alkaline solutions TC2S7 hydrolyzes back to pertechnetate. If the mechanism of particle formation 
described earlier is operative, it should b« possible to dissolve away the sulfur enclosing the noeM of 
metallic suinde 5;i m ply by raising the pH. Sulfites attadcnilfiir.revarsing the thioaulfitte 
decomposition in acid: 

S + S0»«- > SjQa*- 

This reaction should take place readily above pH 8 if sulfite is the active ingredient (pKi s 

1 81, pK , - 6 91) **' Even at pH 6 5 some 30% ofthe total bisulfite should be in the sulfite form. 
There is already one demonstration of this (without explanation) in the nuclear medicine literature. A 
letter deaeribed a 2-ninute reheating of Te-S-oolloid preparatlont whoae averaft partiela site wm 
greater than 1 micron.**** This sscood heating • which undoubtedly dissolved aome of the sulfiir - 
produced a clear diqtarsioa. 

The redissolution of TC2S7 in alkali to reform TcO^" is a matter of both equilibria and kinetics. 
If KTCO4 is dissolved in 1 M KOH, and H2S is passed into the solution, TcgS? is quantitatively 
precipitated after 24 hours.'*"" This means that with enough sulfide ion present, TesSr is insoluble 
even in a strongly alkaline solution If there is insufficient sulfide in solution, TC2S7 might dissolve in 
alkali. At this point, the rate of atteck of alkali on the metel sulfide becomes important. In a series of 
experiments the standard TeS^lloid preparation described above was made alkaline to pH 10.6 and 
heated at lOO'^C for ten minutes. The percentage of colloid svhich passed through a 0.1 micron 
Nudepore filter was 10-20% in the standard preparation. This was raised to 90-100% with the 
reheating of the now-alkaUne solution. In edition, an iacnaaa in tha gftkatin conctntration or tlie use 
of 5% HSA further reduced the particle size to that undefinalsle point at which almost all the activity 
emerged in the void volume of a G-2S Sephadex column. 

In summary, TC2S7 is formed rapidly from acidified thiosulfate solutions at lOO'C, directly and 
by reaction with other metal or metalloid sulfides (the latter arising from impurities in the reagents). 
Sulfxir is formed independently by homogeneous nucleation and by condensation from supersaturated 
solution on theTc2S7 nuclei. The sulfur can be dissolved by heating the colloidal dispersion in mild 
alkaline solution, reforming thiosulfate from the sulfite which is present and leaving extremely small 
colloidal particles carrying the technetium. 

D. The Reduction Potential of Technetium (VII) 

This section describes the reduction potential of pertechnetate, the chemistry of a number of 
reducing agents* and tlia chemistry of di£Eerent oxidation states of technetium. 

Tha equilibrium aleetrochcaistiy of partachnatata in water is limited to the **Tc04~ - **Tc02 
couple: 

TcO^- + 4H* + 3e = TcO^ + 2H2O 

Cartledge and Smith reported that the standard reduction potential was + 0.738 volts vs. the 
normal hydrogen electrode (NHE) at 25'C,'^°^' correcting an earlier value by Cobble, Smith and 
Boyd,'^ i^MMe cell contained air. Muense found a small variation of potential with pH.' Spitsyn at 

al found Eo to be 0 710 volts, '"but the concentration of pertechnetate was too low it was less than 3x 
lO'^M, and hence the system may not have been in equilibrium. The standard reduction potential of 
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pertechnetate is higher than that of perrher.ate (Eq - 0 510V), but Vtrymuchlowvr than thatcf 
permanganate (1.695V). It is a stable species in water. 

Standard potentials of other couples which are in thp literature are derived from the mMlund 
Tc04~-Tc02 couple and various free energy functions which in turn are based on enthalpy 
mnsiutiMiits iad tntroiqr caloilAtiMia.'^''' TM» 11 lists s«v«ral of that*. 

TABLE II 

STANDARD ELECTRODE POTENTIALS FOR TECHNETIUM 

Standard or Formal 
Half-RaaetloB PMntiaU Volta 



Tc04~(aq) 


+ 


2H+ 






—> 


TeOs(S) + 


H2O 


•t- 0.700 


1^3^(8) 


+ 


2H+ 


+ 


2a- 


— > 


TteOs(S) ■(- 


H2O 


+0.757 


TcOzCS) 


+ 


4H+ 


+ 


4«- 


— > 


Tc*+ + 


2H2O 


+0.144 


TcOt(S) 


+ 


4H+ 


+ 


4«- 


—> 


Tc(S) -h 


2H2O 


+0.272 


Tc04-(aq) 


+ 


8H+ 


+ 


7a- 


— > 




4H2O 


+0.472 



The ateetroda raaeton is aztranaly sluggish, and raquirae lioun fiir aquilibrattim for miUidiolar 
solutions. 
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V. 

The Chemistry of Various Reducing 
Agents Used with Pertechnetate 



A. SnCl2-2H20 

This reagent is the most widely used radoctant for pertechnetate in radiopharmaceutical 

practice Because it is present in kits in large excess relative to pertechnetate. it maintains a reducing 
presence ;n solutions prior to ii\jection. It is difficult to obt-am as a pure compound, free of tin (IV). 
Commercial grades of SnCl2-2H20 may contain more than 5% of Sn(IV) and there is some evidence 
that auto oxidation occurs in the solid state Solid SnS04 and solid SodUaoetate**"*' are much 
more stable than the chloride, and can be maintained in a pure state. 

Tobias investigated the equilibria of stannous p>erchIorate in 3M sodium perchlorate solutions 
at various acidities. '"^ He found that Sn'* ions existed in these solutions, that they hydrolyzed even 
in acid, that they hydrolyzed to cyclic complexes - Sn3(OH)4'' or Sn':0(0H)2^*, and that theyfornMd 
soluble Sn(0H)3' in alkali The main ions in solution before precipitation of the hydroxide are' 
Sn(OH)^*, Sn2(OH)2'* . and the predominant species, Sn3(OH)4^'. The addition of chloride ions to 
Stannous iwrchlorate - perchloric add solutions produosd additional complexes. Pmrmation constants 
at25*C were determined for Sn(OH)*, for a mixed chloro-hydroxy tin complex, and for SnCl*, SnCU 
and SnCla". The successive formation constants for the latter three complexes were approximately 
14.3.6and0.97M-'. 

A recent determination of these constants showed essentially the same values.' A basic salt 
was isolated from chloride*contBining solutions below pH 4.S. Its composition is Sn4(OH)6Cl2."'" 

Above pH 4.5 mixtures of various solids were obtained Above pH 5 5 colloidal tin species are formed 
before the hydroxide precipitates. The latter is not a true hydroxide, but is an amorphous hydrous 
oidde whose eomposition is Sn503<OH)4 (ftnned at pH 10 from S11SO4 solutions).****' 

It may be concluded that in radiopharmaceutical preparations (which are always made in saline 
solution) there will be very few Sn*** ions, probably some diloro complexes, some polymers (in the 

absence of ligands which can complex SndH) and some colloidal tin aggregates. Hr-ncc, to describe the 
real reducing a^ent as Sn^ ' is incorrect, and to describe it as SnClj or SnCla ~ in saline solutions may 
be only partly correct. 

The standard reduction potential of the Sn(lV)-Sn(Il) couple in HCl is 0. 15 volts versus the 
standard H'*'-H2 electrode at 25%.'*"* The inevitable presence OTSndV) as an impurity in eommerdal 
solid SnCl2-2H20 will lower the potential in solution to 0.11-0.12 volts In the presence of excess 
chloride it will be closer to 0 volts. ' The measurement of the equilibrium potential of tin salts in 
aqueous solution is difficult. The couple is not reversible on solid electrodes.'**'' It will come to 
equilibrium in hours on mercury electrodes^^" and this has led to the use of tin amalgam electrodes fbr 
potentiometric measurements.' In alkaline solutions the Sn(0H)3 ' complex is formed, and the 
stannate-stannite couple becomes more powerful as a reductant by more than a volt, compared to acid 
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solutions ' In the presence of added ligands which may complex either Sn(II) or Sn(IV) or both, the 
reduction potential of the couple will depend on the relative formation constants of the tin complexes. 

The mechanism of reduction by Sndl) compounds has been described in terms of complementary 
and non-complementary reactions. In complementary reactions the same number of electrons is given 
up by Um rtduetmt ftnd taken up by the oxtdant.'*** The following case detcrflwe a complementary 
two-electron transfer: 

Sndl) -I- TKIII) s Sn(IV) -f Tld) 

Sueh transfer reactions are usually quite rapid. On the other hand, when the same number of 
electrons is not exchanged by the two reactants, the chemistry becomes more complicated. In the 
reduction of Fe(III) by Sn(II), the reaction is non-complementary: 

2 Fe<III) + Sn(II) = 2 Fe(U) -i- Sn(IV) 

This is a slow reaction at room temperature. The original explanation for the slowness of such 
reactions - that a three-body collision is required' - has long been discarded What has been 
suggested for some of these Sn(II) reductions is the formation of an unstable oxidation state of tin, 
Sndll). Its formation would make poasible two successive one-electron-transfer steps: 

Fedin + Sn(II) = Fe(II) + Sn(IlI) 

Fe(IU) + Sndll) - Fe(ll) + Sa(lV) 

Sn( III) in solution has been produced by the flash photoljfsb of Sndll or Sn(IV) chlorides in 
deaerated HCl solutions It has a very short half-life. Its concentration in a redox reaction will be 
very small, and this can account for the slowness of those non-complementary reactions where its 
presence has been hypothesised. Higginson and his coUaboratmv have concluded from kinetic studies 
and studies of the reactions of an added Codll) indicator complex that Sndll) is an intermediate in 
some reductions (Ce(lV), Fe(IIl). Cr(VI) and Mn(Vn)), but is absent in others (H202. 12. Brj, TKIII) and 
Hgtn)).'^''*''^ The latter group of redox reactions are complementary two-electron reactions. 

A more far-reaching analysis of the nature of electron transfer systems comes from their 
examination as outer-sphere or inner-sphere reactions. The simpler electron-transfer reactions are 

called outpr sphere, in these, each complex retains its own full coordination shell, and the electron 
passes through both. Reactions in which the two reactants form an intermediate in which one or more 
ligands are sluired are called inner-sphere or ligand-bridgcd reactions. **** in at least one reduction by 
Sndl) there is probably an inner sphere mechanism operating The slow reduction of Fedll) by Sndl) 
is catalyzed by chloride ions, and an analysis of the kinetics of the reaction shows that the chloride- ion 
coiwentration enters as the fourth power in the rate - determining step (and at high chloride 
concentrations as the fiflh power). The reaction is not speeded up even if the tin is added as SnCIj; 
chloride beyond this 2: 1 ratio (Cl:Sn) is needed for the acceleration. These results suggest that the 
complex SnCIa * is reacting with a Fe(III) ehloro complex (accounting for the feurth-power dependence 

of the chloride-ion concentration) and that a chlorine atom is transferred from the Fedll) CeonlilWtion 

sphere to that of the tin. This will produce Fe<II) and a hypothetical (Sn(llI)Cl4)^ 

There are several reports in the literature which state that SnC^n i« the most reactive reducing 
form of Sn(II). In a kinetic study of the reaction between Sn(il) compounds and methyl orange in 
water. Duke and Peterson observed tliat there was no reaction in the absence of chloride, and that 
SnCls ■ was the principal tin reagent. A similar finding was reported by Haight and von 
Frankenberg for the reduction of liydroxylamine by Sn(ii), catalyzed by molybdate. The most reactive 
form of tin was SnCla * , but the reaction in the absence of molybdate did not proceed.*'**' In theee eases, 
it is possible that an inner-sphere complex is formed with the lone pair of electrons at the apex of 
pyramidal SnCla ' and nitrogen atoms and oxygen atoms respectively. 
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At the pTMent time. It is not pMsible to decide whether the SnCls ~ species will be formed in 

radiopharmaceutical preparations to the exclusion of hydrolyzed and polymerized Sn(II) species, since 
this will depend on the pH of the particular preparation, and the degree of dilution of the saline 
sohitkm which is eoramonly used for the elution of MisTe perteehnetate in the generators. The view 

held by the authors is that complementary reactions between perteehnetate and compounds of Snfll) 
wrill be more rapid than the non-complementary reactions. Thus, the reduction of Tc( VII) to TclV) by 
Sa(ID will be more rapid than the reduction of Tc(V) to T«(IV). In this connection, inner^sphere 
reactions in the reduction of perteehnetate by Sn(II), may precssd by way of the following oxygen 
transfer : 

TeOr + SnCla' — > TfeQs" + OSnCls' 

This would b« a complementary reaction. 

The possibility of 'he formation of mixed tin-technetium complexes is often raised. Tlw usual 
coordination of Sn(IV) to transition metals is by metal-to- metal bonding withoovalent bonds.'^ 
SnCla " acting as a ligand is icnown to form complexes with platinum metal halides in which there is a 

metal to metal bond These show very strong color changes on formation With respect to 
technetium compounds, there is little evidence of widespread tin-technetium mixed-metal complexes. 
A Te-Sn mixed complex is reported by Deutseh et al in which the critical bond is an oxygen bridge 
between Tc and Sn This compound, adimethylglyoxime complex, has been characterized by its X- 
ray diffraction pattern. A second reported complex - a Sndl) Tc(UI) • Tc(lV) - phosphate complex of 
unknown composition • was indirectly shown to exist by Steigman et al. Hydroxyethylidene 
diphosphonate (HEDP) has l>een reported to form mixed-metal complexes with Sn(II) and reduced 
technetium.' The latter claim was based on low-performance polyamide chromatography. 
However, raoent investi^tion of the system employing HPLC spectophotomeiry and double isotope 
labeling showed that there was no detectable tin in the four to five main HEDP complexes and only 
one of 13 minor complexes contained the tin isotope. 

On the other hand, no mixed-metal complex was found in the Tc-HIDA complexes, in the Tc- 
pyrophosphate complex,' or in the Tc-gluconate complex.' In the latter two cases, SnCl2 reduction 
and another method of reduction in the presence of the appropriate ligand yielded identical spectra of 
the technetium complexes. 

It is possible that hydroxy-acids may form mixed-metal complexes. SnUI) does form chelates 
with citric and tartaric acids, and these chelates do interact with some transition metals. '"' Fe(III) 
and Cudll will form 1:11 complexes with Sndl) and citrate Such complexes do not form with Nidi). 
Cutll), Aldll), I hdVi, L'( VI). Mndllj or Fedl). In the opinion of the investigator, ' ' it is necessary for 
the transition metal ion to be easily reducible, which points to the possibility of an internal oxidation • 
reduction reaction in the mixed complex, forming, say. Fe(il)-Sn(III) If this is the driving force of the 
mixed citrate complexes, technetium in some state may indeed behave like Fe(III). However, no such 
mixed-metal complex has yet been reported. 

It cannot be taken as a general rule thatSn(II) will tend to form mixed-metal complexes with 
tachnetium compounds. On the contrary, the evidence is scanty that such eomplexea do form. Eaeh 
taehnettum compound produced by reduction vrith SnCls must be evaliuted separately in this regard. 

B. Sodium Borohydride 

Sodium borohydride, NaBH4 was introduced into nuclear medicine by Subramanian and 
IdeAfee.''^ It is a eommonly used reducing agent in organic synthesis. It is regarded by organic 
chemists as "mUd" in its reducing action compared, say, to LiAlH4. 
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It undergoes two types of reactions with inorganic compounds in aqueous solution First, it 
reacts rapidly with first-row transition metals in alkaline solution, producing borides like C02B and 
M113B.*"" The additton of mora NaOH do** not altar the reaction. Some of theae borMea (Fe, Co, Ni) 
have been found to reduce pertechnetate 99m, but the radioactivity is largely associated with the 
insoluble boride.'^^ Secondly, it reduces various inorganic compounds, slowly in basic solution and 
much tnova rapidly in acid. The reaetion of borohydride anions with aqueous adds is reported to be a 
genmalacid-catalyzed reaction in which the anions are capable of reactint^ with H3O'' and also with 
HxOandather BrOnsted acids. There is general agreement that the reaction with hydronium ions 
procaada aa follows:'***-^** 

BH4- + H+ ■-■> BH5(8low) 
BHa -> BH3-(-Hs(fiut) 

The non<classical BH5 particle, whose coordination reeembtesthatof the non-elaaaie^ CHs" 

carl)ocation, has been postulated on the basis of v arious exchange experiments with deuterium 
compounds; the CH5 ' particle has been observed in mass spectroscopic studies. ^*''-^*^' 

Borane BH3 and its dimer, B2H6. undergo virtually instant hydrolysis in water, forming boric 
acid and hydrogen. It is highly probable in borohydride reductions in water that most of the borane 
and diborana are hydrolyzed, but that they are the afibetwt radiwing agents for pertechnetate. The 
other pnduet - hyibegen gaa - ia generally an Ineffective reduetant in the abaenca of a catalyst. 

Pacer found that acidified NaBH4 reduced perrhenate to a mixture, which included riienium 
matal and/or adsorbed hydrogen. '^"" A similar experiment with pertechnetate, in which the 
pertachnetate-borohydride mixture was acidified dropwise with 1 Maceticacid, atTtrst produceda 
pink color. On continued addition of add, the solution darkened, and deposited a black solid which 
waa largely technetium metal. The electron number, n, of the partech nutate in this reaction was 7.7. 
The excess (0.7) was attributed to traces of unreacted BH4 compounds An additional finding of 
analytical interest was that the black metal reacted rapidly with a eerie salt solution, but an 
intermediate product waa oxidised vary slowly to TdVID. 

From this investigation, it would appear that caution must be applied in the use of NaBH4 in 
order toavoid the reduction of pertechnetate to a lower oxidation state than the desired one. In the 
experience of one of us, the reduction of NH49STCO4 by NaBH4 in the presence of mannitol yields 
either the pink Tc(V) complex which is described later or a black dispersion. The latter is produced by 
higher concentrations of borohydride and add. and repreeenta reduction toTcOs.'^*" 

In one reported case, the production of a lower oxidation state by borohydride reduction of 
pertechnetate offered an advantage. A dihydrothioetieaddeomplex of technetium (a 6-membered> 
ringdithiol complex) did not exchange with 1, Z dimercaptopropane when the complex was prepared 
using SnCl2 as the reduetant. Exchange was rapid when NaBH4 was the reduetant. Burns and his 
collaborators attributed the difference to the praduction of traceaof a labile technetium complex in a 
lower oxidation state and recalled the use of cobalt (II) compoundawhidi catalyse ligand exchange 
reactions of sluggish cobalt (III) complexes. 

C. Sodium Dithieoite 

NasSsOe is an extremely poweifiil reducing agent, particularly 'm alkaline solution.'^"' In add 
solution, itdecompoees to tUoauUkte and bisulfite: 



2Ss04*> HsO 
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The standard reduction potantial (versus tha normal hydrogen electrode) is given as -1.12 volts 
for the katf-cell reaction. 

2SQs* ~ * SHsO"^ * 3M s 40H- > SsOa*' 

Its reducing ability is attributed to the sulfoxy late ion-radical formed by dissociation: 

SsO4"=2S02'- 

Itcan reduce many metallic salts to lower oxidation states or to the metal. It was found tobain 
effective reagent in the pH range 11-13 for reducing Tc04~* to (TcCKSCHtCHtS)^)'' in the prasaneaof 

ethaaedilhiol."**' 

0. HypophosphorousAcid 

Hypophosphorous Acid, H3p02,i>an extremely powerful reducing agent in both acid and 
alkaline solution. The reduction potential at 25*C in acid is •O.SO volts and in alkaline solution ia • 
1.57 volts: 

HsPOs -I- 2H' -«- 2e H2O H^POs 
HPOa' ~ * 2H«0 2a — > 30H' 4- HsPO}^ 

These are calculated from free energy relationships.'^* 

The rate of H3PO2 reductions in acid solution is independent of the type or concentration of the 
oxidant, leading to the conclusion that the rate-determining step in these reactions is the conversion of 
the normal form of HsPOf to an active form.'^'*' 

Hypophosphorous add has been used as a reductant in concentrated HCl for the synthesis of 
quaternary ammonium saltsef IhaTeOCla'^aaien.**"' Earlier work done on soluliaiia''*'', and 
followed by crystal analysis '^^^ was confirmad. A report that HgPOs In cooeentrated HCl produced 

TcaCV" was not confirmed.*'"' 

B. Hydrasina 

Hydrazine, NH2 NH2, is both an oxidising and a radudng agent. In alkalina soluti«n it ia a 
powerful reductant The standard reduction potential at 25* C, calculated horn free energy data, is • 

1.16 volts;'"' 

Ns -I- 4H«0 > 4a s 40H" N«H4(8olutton) 

It may produce NH3 and HN3 in addition to Nj. The oxidation of hydraslne probably proceeds 
in steps, perhaps by way of free radicals. Its oxidation by Ce<IV) in dilute acid was studied by EPR in a 
stopped-flow apparatus. The EPR spectrum waa assigned to .N'2H4*>, an ion-radical. This means 
that in acid solution hydrazine is capable of transferring a single electron to an oxidant. It is also 
capable of fiNrming diimina: 

N2H4-2e-2H- -> NjH^ 
This product is found in reactions of hydrasina with 2-electron oxidants. 
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P. Ascorbic Acid 

Ascorbic adidfCeHgOe, has been used alone or with a ferrous or ferric salt, as a reducing agent in 
radiopharmaceuticals. The structural formulae of the acid and of its immediate oxidatiion product, 
dehydroascorbic acid, are shown in the following equation: 



I 0 1 H I 0—1 H 

I M 111 

C-C = C- C-C-CH9OH -2H -2e. C C - C-C-C-CHjOH 

II 1 I I I ' U I I I 

0 OH OH H OH 0 O O H OH 



AscorbieAcid Dehydroascorble Add 

This equation describes the reversible behavior of the redox couple from more add solutions to 
pH4. Above this pH. there is an irreversibte change in the dehydroascorbfe add whidibeeom 

marked in increasingly alkaline solution, and involves the formation of 2,3-diketogulonate Any 
measured reduction potential is meaningless in the absence of suitable catalysts. By itself the redox 
system is sluggish in its response to electrodes.""* The properly catalysed or nwdiated redox couple 

hasaftandard reduction potential at 25'C of about J- 0.33 volts at pH 1 (relative to the normal 
hydrogen potential). This decreases to + 0.18 volts at pH 4, and to almost zero at pH S. 

Ascorbic acid shows two dissociation constants in water at 25'C: Kj is 9. 16 x 10~5 andKj = 
4.57 X 10~l2.>i**' This means that the ascorbate mono-anion will be the principal reactant in redox 
tqwrations in moderately acid to moderately alkaline solutions. 

It is generally accepted that the acid (or mono-amon) is oxidized toa free radical in a 1-electron- 
transfbr step, the electron originating moneofthetwohydroxyl groups on the two ethylenie carbon 
atoms. It was originally hypothesized that the radical lost an electron in a second step, forming 
dehydroascorbic add. This was in accord with the Michaelic mechanism in which a two-electron 
redox reaction takes place in two successive one-eleetron-transfer steps, with a free radical as an 
intermediate.*"^ However, it has been shown more recently that dehydroascorbate is not formed in 
two successive electron-transfer steps, but that it is one of the two products of disproportionation of the 
ion-radical. If HjA stands for ascorbic acid, HA" represents the aeeorbate mono-anion, *H A ~ , the ion- 
radical, and A the dehydroascorbic add, then: 



H2A = H* + HA«- + (e) 
•HA- + 'HA- a H»A + A or 
•HA~ -I- X (eome other free radical) s a products*' 



Ascorbic acid or the mono-anion is a reductant The lon-radical. produced by various techniques 
including electron bombardment of solutions of the acid, is not a very good reduetant. In fact, in acid 
solution it b«ha ves like an oxidant. Its standard reduction potential at room temperature is + 0 99 
volt at pH 0 (where it is generally an oxidant), decreasing to 0.3 volt at pH 7, and to less than 0. 1 volt 
at pH 11 (sdiere it is a reduetant).'**" The radical is a moderately strong add with an estimated 
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-0.45. A study of solutions of the radical produced in various ways showed a single species to be 
present from pH 0 to pH 13.'^'°' The kinetics of radical disproportionation showed a rapid reaction (k 
s lOBM'^ s-*) to pH 5 or w. and a markad decnaae at pH 8-11 (k-*x 10*M-*s-*). 

The reaction rate of ascorbate with molecular oxygen is slow, and is pH dependent It is a 
eomplleatod reaction whose meehaniani is net clear. It nay involve the direct reaction ef Of with 
ascorbate to form dehydroascorbic acid and H2O2, or the formation of the superoxide radical O}' and 
the ion-radical. The latter is known to be formed in the auto-oxidation of ascorbic acid. ' 

Ferric salts and copper(II) salts catalyze the auto-oxidation of ascorbic acid, although not 
necessarily by the same mechanism.'^'^' A stopped-flow study of the reaction of a ferric salt with 
ascorUe add in a degassed solution showed that there was a transient complex with a rather short 
half-life (about 500 ms for 2-5 x 10~'M soliitionsl and with a deep purple color 'maximunn absorption 
near 560mn). The reaction kinetics suggested that the reaction was not a simple one-step process, and 
tha authon sugfettad tiia Mlowii^ sequence: 

Pedin + H2A = tFel«.HA-|«* H* 

[Fei"-HA-J*- = Chelate = [Fe«HAl = Fe(II) + H* + A" 

Than A" + Pe»* = Fe^* + A"'" 

The last step - the reduction - would take place to a greater extent at high pH. 

Yokoyama and his collaborators produced the purple complex in ascorbic acid solutions by 
adding ferrous salts, and exposing the mixture to air. They attributed the purple color to a cationic 
Fe(I II) cOD|ilex which ultimately hjrdrolyzed to FeCOHlg as the pH was raised. They pointed out that 
the iron-ascorbate system was &r more effective than ascorbic acid alone in labeling albumin with no- 

carrier-added technetium. 

There are many reports in the chemical literature of vinyl polymerizations which are initiated 
by FedlD-ascorbate mixtures, like similar polymerizations initiated by Fenton's reagent (Fe(III) • 
H2O2 mixtures ) . Presumably the initiation is due to the ascorbate free radical, although it may be due 
tohydroxyl radicals generated by reactions with dissolved oxygen In this connection, one of the early 
methods of labeling albumin with technetium was based on a Fe(lII) - ascorbate reduction of 
pertechnetate in the preeenee of air. - It is poeeible that the labeling was accompanied by some 
b reakdo wn of the protein, an eCCect which was quite evident in the reactions of albumin with Cu(U) - 
ascorbate."'*' 

Q. SuUhydry I (and related) Compounds 

The standard reduction potentials of suUhydryl compounds like cysteine are difficult to 

measure. The reactions at electrode surfaces are sluggish, and electrode poisoning (like that caused by 
H2S) has been found. The difficulties in such measurements are described in detail in Clark's 
m«a<^aph.'"'' The generalised reaction is: 

R-S-S-R + 2H - ^ 2e = 2RSH 

For the cysteine-cystine couple, the potential is calculated from free energy chancres which in 
turn are calculated from thermal and supplementary data (including assigned, but not proven 
dissociation constante). The calculated standard reduction potential at 37*0 is -(-0.03 volte at pH 0, 
and -0.40 volte at 1^7. Some ofthe measured potentials are not fisr from these values. Polarographic 
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measurements have be«n made, but these may reflect the half-wave potentials for the oxidation of 
mercury and the formation of the Hg<II)-5ulihydride complex. 

Thiourea, (N'H2)2C » and iteondiiad product, formamidine disulfide, have heen studied in add. 
The reaction is: 

(NHs)2C-S«<:(NH2)s + 2» - 2(NH2)2C s S 

The recorded standard reduction petmtiai is -1-0.418 volts in 1 N H2SO4 at 30*C. The disulfide is 
unstable in solutions whose pH is greater than 5. No mechanism has been formulated for this 

reaction. 

The mechanism of reduction by thiols like cysteine is complicated. The reaction between CeUV) 
and cysteine in acid solution proceeds by way of the formation of thiol free radicals (RS ) in a 1- 
electron-transfer reaction, but may produce fiirther oxidized free radicals like RSO and RSOy*."^ 
There is some disapreemcnt about the further steps It has been maintained that the oxidation of 
cysteine produces only RS* and RO radicals.*'' ' In any event, the first step in reductions by simple 
mercaptana would appear to be aonc-elaetron-transftr step, yielding a free radical. 

H. Sulfur Dioxide 

Sulfur dioxide has been used to reduce pertechnetate The standard reduction potentials have 
been calculated from thermodynamic data for the two reactions:' ^'*'*^ 



+ 4H* +ae) = H2O + H2SO3 E' = -0.17 Volts 
SO4'- + H2O + 2(e) = 20H- SO3' - E« = 0.93 VolU 



Sulfite (as sulfurous acid), SO2 or bisulfite can react with 1-electron-transfer oxidants like 
Fe(in) to give SOs^' (actually the diner dithionate, SsOe'') as well as Sttl&te, and witii two-electnm- 
tranafor oxidants like halogens to give sulfate alone In general, reactions of sulfite ions with 
oiidBnta like chlorate, appear to involve ox^en atom transfer.' With oxygen-lS-labeled chlorate, it 
was established that the oxygen atom eama from the ^krala/*** It is V3niy that tiie reduction of 
pertechnetate by a sulfite or bisulfite anion also involves the direct transfor of an oigrgen atom (as an 
oxide ion). 

I. Hydrochloric Acid 

HCl occupies a special place in the group of reagents which have been used to reduce 
pertechnetate. Concentrated HCl produces two starting materials which have been used in 
substitution reactions with various Hgands, salts of the TcOCU'" anion for Tc(V) compounds, and salts 
of the TcCI^^' anion for Tc(IV) compounds. The corresponding bromo compounds are often preferred 

because of their higher reactivity. Pertechnetate reacts with HCl at room temperature. A transient 
yellow color develops which is believed to be a Tc(VII) chloro-addition product, fac TCO3CI3"", by 
analogy with a Re( VII) chloro-addition product whose cesium salt was isolated. The yellow product 
was temporarily stabilized in concentrated choline chloride solution (in HCl). its spectrum was 
recorded, and :t formrd a Tc(VII) complex with dipyridyl '"^ " In concentrated HCl, this transient 
yellow species is rapidly transformed to the green Tc( V) complex, TCOCI4 , and chlorine. On heating 
in concentrated HCl, the Te(Xn4*~ is further radueed to theTc(IV) complex anion, TcCU''- 
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J. Formamidine Sulfinic Acid 

Fonnamidiiw wilfinie add, abo known u ■minoiinino.iiirthmwulfinic add and thioui^a diwndt. ho 



been used as a substitute for stannous salts in the preparation of a number of technetium-99in-tagge<i 
radiopharmaceuticals.'^"' The reduction potential and the rate of change of potential with conditions 
are complicated functions of the solution composition, the pH, temperature, and reductant 
concentration. Among other things, it liberates SO2 at elevated temperatures. In acid solution, 11 is 
more likely to behave as a Ugand than as a reductant. In neutral solution, it will reduce U(VI) to 
U(IV) with boiling,'^**' but will reduce various biochemically important compounds like cytochrome C 
and ferredoxin at room temperature. In alkali, where it is a powerful reductajit, it undergoes 
complicated deeosiposition reactions. Urea is formed, and electron-spin measurements showed that 
dithionite is present since the SO2" radical ion was found. However, its reducing ability is not due to 
dithionite alone. Hydrogen is liberated from these alkaline solutions, and CdCII) is reduced to the 
metaL Dithionite is not capable of these reductions. It was hypothesized that there was homoly tic 
scission of the C-S bond in the parent molecule, forming SO2 and a carbon-containing free radical ion 
which was a more powerful reducing agent than dithionite. This was suggested in part because the 
cadmimn metal contained carbon, which could not have cone from the dithioaite/"" In this same 
work, it was concluded that the reduction potential of the compound was between -0.809 volts (the Cd— 
reduction potential} ''^ and -1.245 volts (the zinc reduction potential),"*'' since zinc metal was not 
fomed, ndiereas Cd metal did fimn. 

K. Hydroxylamine 

Hydroxylamine, NH2OH, which is better known as a Ugand in various metal-ton complexes, can 
act as either an oxidant or a reductant. Qualitatively, its reactions as a reductant are complicated: 



Ag(in and MndU) oxidised it to NOa~. CeOV). Ag^. CuOD, Fe(CN)eS-. CKVD and Feail) oxidised it to 
N2. to NjO. or to a mixtuxa. Coail) wiU oxidize it to KOs^'.**^ 

Pulsed radiotyiia studiw led to the eoneluaion that NHfOH on oxidatioa by OH radicals fennad 
•NHOH radicals, which decayed by a second-order dimerisation:"*" 



In a study of the reaction of hydroxylamine with Ce(I V), it was hypothesized that an 
NH2(>n«dkal wai ftrinad, which could react with a saeond CoaV) ioa to fbrm NHO and tte 
could react further.'*^ 




S 




2*NH0H -> NS-I-2H20 
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Hydrazoic acid, HN3, like hydroxy lamine and hydrazine can function as either an oxidant or a 
reductant. In the latter case, the product is usually nitrogen, formed perhaps by the dimerization of a 
free radical . Thus, in the oxidation of HN} by CfKIII), two rMfitkias have been propOMid, dependiBgoa 
tlM HN»/Co(in) ratio. At a high ratio: 

Co(HN8)»* + HNa -> Co«* + H«N«* 

H2N6* + Co3- -■-> Co2' + 3N2 + 2H* 
At low HNyCoOII) rattoi:^* 

Co(HNa)»* —> Co(N8)«* + H* 

Co(Na)2- -> Co2- + Ns 



Simitar inocfaanifliiis havo boon advancod for a NiOn) roduetum.'*** 

L. Solid or Seeond-PhaseReduetants 

Sol id-phase reductants for pertechnetate -Sdm have been developed by a number of 
investigators, usually for the purpose of redueinf the Snfll) content of tiia radlophannaoeutiieal 
preparation or for eliminating the use of SnCl2 or other soluble Sn(ID compound entirely. One such 
method utilized insoluble Sn(II) salts: SnaFo(CN)«. Sna lFe(CN)e]2, SnS or SnSe. These were added to 
a Mdium phytato ioltttkn, and lyopbiliaad. Tliagr wen anbeegnently homogenized with perteehnalata 
-99m lolutioii and ffllarad.'**" 

SndD-saturated chelating resins vrere used for the same purpose. An early paper described the 
useofSndD-BioradChelex.^**' A later paper indudedEDTA or oxinecovalently bonded to eontroUed 
pore glass beads, and Biorad Chelex 100.'^*^ Several standardized Tc-99m-labeled 
radiophannaeauticals were prepared satisfactorily. Elution of Sn(II) from the solid phases was found 
to be lees than 0.1 pg Sn per pr«|iaratinn.'***> 

Tin metal or a tin alloy has been used as the reductant in the preparation of a thiomalic add 
complex of technetium -99. A very dilute Eu(II) salt solution was added, premmably to remova any 
SnUI) which had beon ganerated in the reduction reaction.'"'' 

Electrolysis has been used for the reduction of pertechnetate -99m in the presence of suitable 
ligands This technique falls into two categories: in the first, tin electrodes do not react directly vrith 
the solution, but are used to generate Sn(II) compounds which are in solution during the actual 
reduction.^**"' In the same vein, a zirconium electrode used in the labeling of albumin with 
technetium -99m^**' was shown to be effective because the protective oxide layer on the zirconium 
metal was stripped electrolytically, and lower-valent zirconium compounds expelled mto the solution 
were probably responsible for the reduction of the pertechnetate. in the second eategory, true 
electrolysis was used at inert electrodes. Russell reduced pertechnetate •99m at a mercury electrode, 
taking advantage of the high hydrogen over- voltage of the metal. Steigman, Chin and Solomon 
used a graphito electrode for the same purpose, and made W^Te^uoonate, pyrophosphate, OTPA and 
HE DP preparations which yielded satisfactory images in rabbits ^ In fact, the elimination of the 
Sn(II) reductant produced a very rapid clearance of Tc-giucoheptonate from the kidneys, suggesting 
that the tin was reaponslbla for the usual retention of the activity in thatorgan. 
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It is possible to perform an electrolytic reduction of pertechn«tate -99in without an external 
aiiplied einf by means of internal electrolysis.'''*' One can use an H-een**"* in whidi tiw cathode \a 
graphite, the anode is zinc metal in either HCl or NaOH solution, the pertechnetate is in the cathode 
compartment, and the anoly te and catholyte are separated by an agar salt bridge. The electrodes are 
joined by a copper or other metal wire when electroljrsis is to start. The high overvoltage of hjrdrogen 
on graphite permits the reduction of pertechnetate in aqueous solutions. The driving force comes from 
the potential of the zinc ion - zinc system in HCl (-0.763 volts at 25>^°*' or in NaOH(-1.216 volts at 
25*) im) A number of 99b>Tc complexes were prepared in this way, including the DTPA and gluconate 
complexes, but some air oxidation was found.'^ 

Several oxide bronzes were investigated as solid reductants for pertechnetate -99m. These are 
noa-stoichiometric crystalline phases of transition - metal oxides, usually in ternary systaillt» Thay 
possess high conductivity, approaching that of metals; the tungsten and molybdenum bronzes, which 
were tried as reductants, are extremely inert, insoluble in water, and resistant to all acids except HF. 
The transition metal is in two oxidation states, e.g., W(VI) and W(V), and it is not possible to 
distinguish between them in the lattices, leading to the idea that the "extra" electrons are distributed 
throughout the lattice. It was thought that this "extra" electron might be available for reductions 
at the surface It was found that (after a preliminary wash withdUttta NaOH), the bronzes (NajWOa 
and K.2O.M0O3) did reduce 99fnTc04" and a number of complexes were £Drmed, but there was high 
adsorption of activity on their surfaces ( from 20% to 60%).'"* 

Another type of potential solid reductant is a tin pyrochlore. These are insoluble ternary 
compounds whose structures resemble that of the naturally occurring mineral pyrochlorite. The Sn(II) 
compounds which were prepared ware Sn2iVb207 and SazTasOT.**"' These reduced pertechnetate - 
99m, and various complexes were succe88fuUyiNr6|Mrod,lBut8«rioii8adaoqition«f activity on the solid 
reductant was observed in all cases. 



Tin metal, in the form of 20-mesh ACS grade tin powder (Alpha) was investigated as a soUd 
reductant'^'*' and was found to be quite satisfactory with little adsorption of activity. Various 
oomplaxes - gluconate, DTPA, MDP, and others- were chrooialographieally satia&etory ^ephadox gel 
chromatography) Incubation for 15-30 minutes of 100n^oftinmataIwith2xlO'*MTK)4'(with 
some tracer ^■"Tc04 ~ ) with N2 stirring was eiTective.^'^ 

.Analyses of several supernatants of 100 mg of a Sn-Ta pyrochlore and of tin metal used in 
preparing DTPA complexes were carried out by atomic absorption. The pyrochlore yielded 1.0 ^ml of 
tin, and the tin metal put 4.1 ngtel into solution.^ 

M. Tertiary Organic Phosphines and Arsines 

These compounds, like triphcnyl phosphinc or mixed aryl-alkyi tertiary phosphines and 
arsines, have served as both ligands and reducing agents. A relatively simple reduction scheme 
involves the reaction of pertechnetate with a tertiary phosphine. The phosphine-oxide R3PO is 
formed, and a phosphine complex - often a Tc(III) complex - is the main product. Risley and VanEttcn 
showed that in the oxidation of tripheny Iphosphine by potassium persulfste the oxygen of the 
phosphine oxide eame directly from the persulfate, and did not appear to involve the water.'"**' 
Tertiary phosphines hence are capable of taking on an oxide ion directly from an oxidant. They are 
known to take on halogen atoms as well, although the mechanism has not been reported, except for 
free halogens, which form unstable dihalides of the general formula R3PC12. However, the 
reduction of Ted V) hexahalo complexes by phosphines and arsines to form Tcdll) complexes, (because 
phosphines are 2-electron reductants) suggests that individual halogen atoms are probably 
transferred to one phosphine molecule before or during the attachment of another to the technetium. 
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N . Nature of the Reduced Technetium Complexes 

There is an unspoken assumption in the search for reducing agents which can replace SnCl2. It 
is that in the presence of a particular ligand, the same technetium complex will be formed regardless 
oltherodttctant WlUtethitiiMylittriMing«iMral.a«¥eral«(C«ptioi»tothisassttm^^ 
appnrsd. 

In an attempt to raduee quadrivalent teehnethim (NH 4)2Tc€ I g to a lower oxidation state, it was 

found that hydroxylamine hydrochloride and ammonium chloride yielded a pink crystalline material 
in which the technetium was believed to be in the + 2 state, and in which it was thought that the 
composition was(Te(NH20H)2(NH3)3]Cl2 - that is, a hydroxylamine complex."*' It was thought that 
the hydroxylamine served as both a ligand and a reducing agent. However, Armstrong and Tauba 
found subsequently that the pink compound was a Tc-nitrosyl complex; trana- 
[Tc<NH3)4(H20)NO|Cl2. In this system a breakdown product of tfaa reductant took part in the 
complexation reaction This has been observed before; the reaction is called reductive 
nitrosylation. ^'^ Recently, it has been used to prepare the Red) complex anion [Re(NO) 
(NCS)3(H20)' ' from perrhenate, thiocyanate and hydroxylamine.'*"' 

Baldas and Pojer found that the reduction of pertechnetate -99m by formamidine sulfinic acid 
yielded unexpected results. A complex was formed in the absence of any added ligand, and showed 
non-specific organ distribution in animals.'*'* When the reduction was performadin the presence of 
diethyldithiocarbamate as ligand, a non-polar complex was obtained which was concentrated in the 
livers and intestines of mice. When they prepared a rc-99m labeled HI DA (Tc-N-(2,6- 
dimakhylearbamoylmethyll iminodiacetic acid) with formamidine sulfinic acid, the resulting complex 
or complexas showed different chromatographic and bioiogicai behavior from that of the conventional 




CH3 O 



^ NHC-CH2-N 



\ 



CH2COOH 



(2,6-diniethylcarlMiiioylmethyl)umno diacetie add 



SnClj HIDA preparation.^'* These studies led to work with 99Tc04 " and the Isolation of a number of 
technetium complexes. The reduction of pertechnetate -99 in the presence of formamidine sulfinic acid 
and sodium diethyldiUiioearbamate yielded a Tc(ITI> dithiocarbemate complex ** with a Te a O bond, 
and reduction with hydrazine yielded a Tc( VI dithiocai hamate complex ^" with a Tc « N trip'e 
bond.'^''^'" Still another hitherto unknown complex of technetium was formed in which part of the 
complex came from the reducing agent aodlum aside (NaNj). When ammonium pertechnetate was 
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treated with the azide in concentrated HCl or concentrated HBr, an air-stable Tc(VI) complex was 
formed, e.g., (TcNCm' , isolated as the tetra-n-butylammonium or tetraphenylarsonium salt"** 

A less well defined but nevertheless definite example of difFerent products arising from the use 
of different reducing agents of pertechnetate-99m was found in the labeling of human serum albumin. 
An early method of labeling albumin with Ma«Tc was based on the reaction of pertechnetabe with 
ascorbic acid containing ferric chloride in neutral solution, adding albumin, adjusting the pH to 2, and 
then raising it to pH 5-6. ' In this procedure, it was later established that blocking the one free 
Sttlfliydryl group on the albumin very maiicedly reduced the yield of Tc-labeled albumin. Two 
blocking agents were used: N-ethylmaleimide, and (very dilute) mercuric chloride "^^ On the other 
hand, when SnCl2 was used as the reducing agent, or PeS04,^'^' prior blocking of the sulfhydryl 
group with N<ethylmaleimide did not decrease the efficiency of Te-binding noticeably. However, the 
addition of ascorbic acid to the FeS04 albumin mixture did markedly decrease the yield of labeled 
albumin when the protein was first treated with N-ethylmaieimide or HgCl2. It should be noted 
that the solution* in tlw latter research were purged with nitrogen. It can be eondudcd that there is 
more than one binding site for rcd-jced pertechnetate on HSA, and that the reducing agent which is 
used can make a difference in determining the site of binding. 

These examples show that more attention must be paid to the products of reaction of 
pertechnetate witii reducing agents, and that more study of the mechanisms is also required. 



VI. 

Technetium (VI) Compounds 



A. Tc(VI) Oxyfwi Compounds 

Gerlit reported that hydrazine in cold alkali reduced pertechnetate to a Tc( VI) compound which 
disproportionated to Tc( Vlt) and TcOV) on dilution:'"*' 

3Tc<Vl) = 2Tc(Vin + Tc(IV) 

The work was repeated by Rulfs, Pacer and Hirsch They failed to isolate a TdV!) compound 
from the hydrazine treatment. A reddish-brown solution appeared from which they obtained an 
impure i^k-gray Miid« probably contaminated with the aought-for BalTtO^tt. Thece wat some TeOs 
which they attributed to disproportionation. 

Astheimer and Seh«voehau reduced pertedmetate eoulometrically In acetonitrile toTe(VI). The 

half wave potential was -1.74 volts versus saturated ca!omcl, compared to -2.30 volts for perrheiWte, 
showing that pertechnetate is mora easily reduced.'"*' They prepared the violet tetramethyl- 
anunoniun salt» ((CHa)4N)tTe04, and the Tiolet>blue K^TtO^ and found that in water the selts 
disproportienatedtofonn'MV). netTdIV): 

tTtfVl) = TdVH) + TdV) 

Astheimer et al also reported that the difTuse reflectance spectrum of the blue crystals showed a 
band near 400 nm, and that the eifective magnetie moment wes 1.60 BM, which was reasonable for a 
To(VI) compound.***' 

The exbtenoe ofthe Te(Vn anion in water was eonllrmed by polarography on mercury of 
pertechnetate in 1 M NaOH In the presence ofgelatin there is a l<electronreduetuntoTc04'~ 

followed by disproportionation: 

2Tc04*" « TcOi" + Te04*" 

In the abeenee of gelatin, reduction to TcfV) proceeds directly. 

In pulsed electron irradiation studies of neutral'^'- and alkaline pertechnetate, the 
technetate anion was produced as a transient species. The eerlter study in alkali^'' detected 
tedttietatepelarographically by means of rapid-scan cyclic voltammetry (100 volts/second) The 
reverse scan showed that the TcO^' ' - TCO4' couple in alkali was almost reversible, at -0 61 volts 
versus the normal hydrogen electrode. One study in the neutral solution'*"' was made by measuring 
optical absorption spectra ibllowing the pulsed irradiation, and showed an apparent peak at 320 nm. 
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together with the hydrated electron peak at 780 nm In contrast to the earlier study in alkali,'"' no 
peak in the 500-600 nm region was reported. A later study in both alkaline (pH13) and in unbuffered 
aqueous solution showed the technetale decay rete te be dependent on iiH, and reported an abioiT*kin 
band at 320 nm.'*'" 

k = l.5xlO»M-V*»» 

k = 1 5x lO'M- s ' "** 
k s 1.3 X 10*M - '8- more stable at pH > 10. 

A pulsed radiolysis study of perrhenete showed a 2nd order of kinetic dependence on 

concentration The disproportionation constant was 1 7 x 10''M"'"s''. Tc( VI) compounds were 
prepared in solution by Kirmse and Stach.^^^' They added I mgof KTCO4 to 1 ml of concentrated 
H2SO4, and then added concentrated HCl in drops. They obtained a deep Une selntion with an 
absorption maximum at 572 nm, like that reported by earlier workers The FPR spectrum, whose 
characteristics were recorded, was consistent with that of an oxo-Tc d' system. The compound in 
solution was unstable, end underwent serious decomposition within several hours. 

It was found that nitrido technetium(V) compounds could be oxidized to Tc(VI) by chlorine in 
dilorafonn."*** The EPR spectra were again consistent with those expected of d* complexas. Solutions 
showed much weaker EPR signals within several hours. 

B. TeCVI) Sulfur Compounds 

Until a few years ago, tris-dithiolates were the only known stable set of complexes which are 
based on Te(V!>. In the syntiiesls of this or the corresponding rhenium compound, if one starto with a 
(V) or a (VII) compound, the first member of this series which is formed is an uncharged (VI) complex. 
The complexes in question are transition-metal complexes which contain Uganda with two sulihydryl 
groups on adjacent carbons, and allied with an unsaturalad canter, as in toluene-3,4-dithioL 



SH 




toluene-3,4dithiol (tdt) 

These were the first compound;; with a coordination number 6 which are not octahedral They are 
trigonal-prismatic. In addition, they undergo facile oxidation and reduction reactions with no change 
in their donor set. 

There is some uncertainty about the actual oxidation state of the metal ion. Thus, for the 
rhenium complex of toluen«-3,4-dithiol which was the first trigonal-prismatic 6<oordinato transition- 
metal complex to be crystallographically characterized,^' it was possible to draw two limiting cases: 
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tOSSSi^ the VI state to the rhenium, counting the sulfhydridc charge as 1 . or else to treat the 
compound as a Re(0) complex with mercaptide radicals, as a consequence of charge delocalisation. In 
«dMr words, in thtM two limiting c«tet, tlw rhenium retains all its valence electrons or loses alt. Such 
unsaturated ligands were termed non-innt>cent ligands by Jorgensen McLeverty, in reviewing 
transition-metal complexes of this type, wrote that it was inappropriate to use formal oxidation states 
for them.'"* In unsaturated ligands. the highest filled andA>r lowest empty orbitals are near the 
energy of the metal d '.evels In the case of the rhenium oonplex, the ma^ctic moment is 1.79 BM, 
corresponding to one unpaired electron, consistent with a Re(VI) state. However, esr measurements 
showed that electrons are predomiiMntljr on the ligands, so that an intermediate eiiddatien state is 
present. There is an additional reason to argue that the rhenium is in some high oxidation state. 
Gardner et al, following earlier work with Ni(ID compounds containing amino groups, prepared 
rhenium tris-o-aminobeniene thiol complexes. In these compounds, the amino groups were 
deprotonated, forming amido (NH'') ions.'"^' Usually high-valent metal ions like Re(V') or Re(VlI) 
form heavily oxygenated anions like Re04~ or else cations like ite02*, in order to minimise the high 
central positive charge In the tris-o-amine-bemenethiol complexes, which contain no oxo atoms, the 
high positive charge on the central Re atom makes the protons on the amino groups highly acidic. 
These rhenium compounds undergo facile reversible oxidation-reduction reactions in aoetonitrile with 
1-electron transfers. The rhenium (VI) tris^thiolate was oxidized to the ■!■ 7 state (Ei/3 - -0.066 
volts) or reduced to the + 4 state (-1.577 volts) and the + 3 state (-2.375 volts). Technetium forms a 
similar set of compounds, altliough when they were first made, their nature was not recognised. In 
1961, Miller and Thomason developed a method of analyds for pertedmetate-99 which was based on 
its reaction with toluene-3,4-dithiol They found it necessary to control the experimental 
conditions very carefully. Different solvents produced different absorption spectra with (presumably) 
the same complex. 

Kawashima and his co-workers prepared the neutral Tc(tdt)« complex from KTcOi zinc 
dithiolate in acid solution. It was possible to study the oxidation of tiie neutral Tc(tdt)3 complex to the 
Tc(VII) state in dichloromethane, and to reduce the (VI) compound to the (V) and (IV) states (at least 
polarographically).'^' The reduced species could also be made by the addition of ligands like 
triphenylphosphine, pyridine or o-phenanthroline. However, unlike other metal tris-dithiolates, the 
tedmetium compound appeared to polymerize when the Tc(VI) compound was Anther reduced. The 
authors explained the so-called solvent effect reported by Miller and Thomason in terms of oxidation- 
reduction reactions between the complex and dissolved water or polar solvent. Johannsen and Spies 
investigated the formation of the tris-o>aminobenzenethiol (abt) complex of technetium.'*** The 
compound was formed either by the reduction of pertechnetate by excess ligand (the S-H group 
functioning as the reductant) or by a substitution reaction with a labiie Tc( V) complex. On standing in 
air, the brown Tc(V) compound changed into a green compound, identified as the neutral Tc( VI) (abt)3 
complex. It was easily reduced by SnClj or by excess o-aminobenzenethiol to the brown Tc(V) complex 
Solid quaternary ammonium or arsonium salts of the Tc(V) (i e Tciabtla') anion were prepared. The 
Te(VI) compound in solution wascharacterizedby esr measurements, which were very cloee to thoae 
reported by Stiefol et al fior the corresponding Re<VI) compound. 
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Baldas and his co-workers prepared the Tc{VI) (abt)3 neutral complex from NH4TCO4 and o- 
aminobenzenethiol in HCl solution, and isolated crystals whose structure was determined by X-ray 




o-ttiiiaob«naeiiethiol(abt) 



diffraction.'"*' The average Tc = N distance was 1.995 A, greater than the distance in rS2CNEt2)2TcN 
but less than that in TcOateydam)' * . From the structural point of view» this is the iirst demonstration 
of«tri|oiiaI-prisiiwtkTenn)eo«nplt)t. FtnmmtiltudkiivtttAiail^^ 
cwnpowidK, it wm coneludad that both tendad to fam aggr^tos in oolutlon.''*** 

C. Te(VI) Nitrldo Compounds 

A different type of Tc(VI) complex was discovered by Baldas and his collaborators; it is described 
briefly in an earlier section. If NH4TCO4 and NaNs are reacted together in concentrated HCl or HBr, a 
tetra-halo- nitrido-technetate(VD anion is formed, which can be crystallisid aa tha 
tetraphenylarsonium salt*"^' This compound is isostructural with the corresponding quaternary 
arsoriium salts of Re, Os, Mn, and Ru. The Tc hN distance is 1 .581 A, the Tc-Cl distance is 2.322 or 
l.SOSA, and the anion has C4V symmetry. An esr measurement showed that the compound behaved as 
if it had a single unpaired electron, very much like CrOCU' and M0OCI4". A number of compounds of 
radiopharmaceutical interest were prepared by substitution reactions between ^^TcNCU' and ligands 
that included MDP, DTPA and cysteine.'^* They were charactarlaod by uv-visible absorption spectra 
and by HPLC. It was possible to reduce the tetrachloro Tc(VI) compound to Tc(V)-nitrido compleaasby 
means of the reducing ligands P(Ph)3, KNCS, Na(S2CNEt2) and 8-quinolinethiol to yield: 




T^ai(P(Ph)}2)><NEt4)2rrcN (NCS)4-(CH3CN)],lteN(SfCNEt2)iIudrreNL2] (in which L 
repments the 8-quinolinethiol moiety). liie8tnietttr««rthalasteoittplex«asdetermined. Itwasa 
distorted square pyramid.'^' 



VII. 

TechnetiumC V) Compounds 



Until recently the opinion was widely held that the aqueous chemistry of technetium was 
largely United to compounds of Tc(VII) and Tc(IV), and that Tc(V) compounds would be unstable In 
water because of disproportionation.'^'This opinion was held in spite of the existence of a large 
number of stable octahedral complexes of Ret V) which had multiple bonds between the metal and 
oxygen or nitrogen atoBiB.^ Chronologically, the first established ease of the existence of a Tc(V) 
eompoimdin water came from a study of Tc(V) citrate. This was soon followed by a study of the 
Tc(V)-^UC0nate and -glucoheptonate complexes prepared by SnCl2 reduction of pertechnetate. 
These are examples of a large number of actual and potential polyhydroxy compounds that also serve 
as sourcesof other Tc(V) complexes by displacementof partor all of the polyhydroxy ligand.'***' This 
and related researches were based on chemical investigations of already established useful 
radiopharmaceutical products, and were carried oat on aqueous solutions of the complexes. 

A different approach consists of the production (mostly in non-aqueous solutions and often by 
stibetittttion reactions of the TcCV) complexes TeOCl4 ~ andTcOBr4~)of crystalline solids whose 

stoichiometries, coordination and structures could be definitively characterized. This is true of the 
dithiol complexes described below. At the least, it broadens the scope of known Tc( V) chemistry, 
particularly in relation to the much more extensive puMished material on rhenium compounds. With 
some luck, if the chelate is well characterized and stable, the corresponding WmTc 
radiopharmaceutical might have the same unambiguous structure and properties, even in extremely 
dilute solution. With more luck, it or one of its congeners might have dedrable iiro]>tftie8 in eiM for 
diagnoses Because numerous Tc'\'^ complexes emerged from the Tc(V) dithiol atudiea,theattlfiir 
chemistry of Tc(V) will be discussed before the oxygen and nitrogen chemistry. 

A. SuUhydiyl Compounds 

1 . Synthesis and Structure of Monodentate SuUur^Based Compounds 

Sulfur, which is less electronegative than oxygen or nitrogen, has very different bonding 
properties. It has low- lying empty 3d orbitals which are available fOr electron donation by other 

atoms, and its coordination number can be a.s high as 6 Comprmnds with sulfur-sulfur bonds are 
common, as are polymers if the geometry of the system permits them. With cysteine as a ligand, first 
row traittttiidii metals lMrma6uiUy<tf complexes, inehii&ng polymerized species. 

HSCH2CH(NH2)COOH 

Cysteine 

Thus, Ibr zinc(II), there are the ftUowing, among others, which have been identified in solutioik: 
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ZiKHL), (HjL is cysteine). (Zn^LjCHI.))!-. Zn,^'-. (ZnL(HL))'- and ZnLj'-.C") With 
penicUlamine. there are no polymeric species reported, presunubly because of the tteric 
hindrance to polymerization offered by the two methyl groopi. Whan polynim form, they often 
do 10 by meus of a sulfide bridge between metal atoms. De«ble meKaptide bridMt an ^ 
known to form, as with F«(III) and Mo(V) complexes.(»»») 



(CH,),C(SH)-CH(NHj)COOH 
penicillamine 



TechnetiumfVI gluconate, formed by the addition of I mole of Sn(II) for each mole of*® TCO4 " in 
a gluconate solution, was reported by Steigman and his collaborators to react almost immediately with 
eysteifw in acid aqueous solution. A Job or eontinuous variations study showed that there was a 1 : 1 
cysteine-technetium complex with \max at 420nm and the molar ahsorptivity coefTscienl = 2300 M" 
'cm~\ a 2:1 complex absorbing at the same wavelength with coefficient 3700 M ' cm and possibly 
other eomplexes. The complexes, which appeared to be stable, may have been mixed-ligand 

complexes The 21 complex wa!? more s'able against acid attack than the corresponding 2: 1 Ni(II) 
complex, which would malce its overall formation constant (i.e. K1K2) at least 10^. It was also 
found by the same investigators that the direct reduction of perteehnetata>99 by cysteine itsalf 
produced an unstable species and Tc02, but if the reduction was performed in the presence of 
gluconate a stable yellow species was obtained. 

Johannsen and his co workers investigated the formation ofcomptcxes of technetium with 
cysteine, cystine derivatives, and penicillamine."^* The Tc(V) complexes were formed either by 

HOOCCH(NH2)CHiS8CH|CH(NH2)COOH 

cystine 

reduction of pertechnetate by the merGaptan,or by substitution reactions of TcOCU' (in solution) or of 
Tc(V) citrate (prepared by adding 1 mole <tfSn(II) fiiroaeh mole ofMTc04~ in a citrate buffer). The 
direct reduction of pertechnetate by cysteine first produced a yellow complex followed by a red 
compound and a green compound. These were separated chromatographically. There was also an 
unidentified polymer, and some Tc02. The separated products appeared to be stable over a period of 
time. The purified yellow TdV) compound ( .\max = 420 nm, molar absorptivity = 2300 M'*cm*') is 
probably the 1:1 Tc-cysteine complex made by displacement from Tc( V)-gluconate. The electronic 
spectra of chromatographically purified products obtained by substitution reactions were the same as 
those produeed by the reduction of pertechnetate-99. In this connection, the rodtietion of pertechnetate 
by SnCla was much more rapid tlian tiiat by cysteine. 

A detailed examination was made of the kinetieaof tilO reduction of MTc04~ by morcaptans.'*^ 

xo.M\ each case the reaction was first order in mercaptan and pertechnetate concentrations ata 
fixed acidity. For cysteine and for racemic dimercaptosuccinic acid, the negative logarithm of the 



HOOCCH(SH)CH(SH)COOH 
2,3-ditnereaptoeuccinie add 



velocity constant was proportional to the Hq of the acid solution (that is, the Hammett acidity function 
for uncharged bases). The more appropriate acidity ftinetion would have Iwen tlie H-function« 

describing the reaction of a negatively charged base with a proton, and producing an uncharged 
cor\jugate acid. Nevertheless, it is clear that the reaction is strongly acid catalyzed. In this respect, 
the pertechnetate anion lielongs to the group of oxyanions like permanganate and diehromate whoee 

rates of reductionaroheavily dependent on acid concentration I? is also known that these rates 
tend to parallel tlie rates of exchange of the same oxyanions with H2"^0. For the oxidants 
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permanganate, pertec h n e t a te and pMrfamiftte, tlM following eqiwUon dMeribes Um gtnoral fwttam of 
H2^«0 exchange rates. 

Rate « KIX04'~I(H-^1* 

Imtiaily, in the case of the perrhenate-water exchange,'^ it was concluded that the H* 
eoneantraftbn entered the rate equation to the first power. This was based on a calomel-glass electrode 
measurement of pH . Entering the actual concentration of added acid rather than the antilog of the 
measured pH resulted in a mudk betttf fit for the square of the acid concentration in the rate 
aquatkm.*^ Tht relationahip of the rata to tha acidity ia explained by tha following equationi: 

XO4- + 2H* = = H20X03- (fast) 

HaOXO^* + H2^«0 = = Ha^sOXOs* + H2O (slow} 

This is not regarded as a displacement reaction by water, but rather as a preliminary 

labilization of oxygen by protons, weakening the X = O bond in the XO4 anion It is possible that the 
acid catalysis of the pertechnetate cysteine reaction may follow a similar catalytic course. 

2. Mechanism of Reduction of Pertechnatate by Cysteine 

The following mechanisa waaadvaneed to explain the tunetiesoftherediKtionof pertadmetate 
by cysteine:"^ 

Tc04~ H* s TeOsOH (fost) 

TCO3OH + RSH = (Tc02(OH)2tRS)) (slow) 

nV0s(OH)s(RS) RSH = (TfeOs(OH)l -f R^R HsO 

TcOs(OH) + nRSH s Te(V).thiolato eomplax 

It has been hypothesised for some time that the redox reactions of oxyanionic oxidants probably 
involve prior subetitution of the reductant in the coordination sphere of the oxidant **" This b 

particularly true of the reactions of Cr(VI) but is believed to be general. In the present case, the second 
step - the entry of a mercaptan molecule into the coordination sphere of pertechnetete (but, without an 
adiM proton) is logical. The third stop - the reaction of a raereaptide - substituted Td VII) with a 
molecule of RSH to yield R-S-S R and TcfV) ■ is, however, not in accord with the known redox 
chemistry of thiols. The latter are oxidized in one-electron steps, generating thiol free radicals. These 
one-electron exchange steps have been proposed, for example, to explain the reaction between CrC VD 
and cysteine in acid solution The proposed 2-eleclron exchange in the third step is not consistent 
with this pattern of cysteine behavior. What is more likely is a preliminary weakening of a Tc = O 
bond by protons, followed by the entry of a cjrstoine molecule Into the technetium coordination sphere, 
followed by a slow internal reaction yielding Tc( VI) and a thioyl radical, followed hy a more rapid 
redox reaction of Tc<VI) with a second cysteine molecule to yield Tc( VJ. which then coordinates 
mercaptide groups rapidly The Vt - V reduction is probably a more rapid reaction than the Vff - VI 
reaction because it is known that a lower oxidation state for an oxyanion oxidant means a Faster 
exduuige rate with H2'B0. Thus, in the series CIO4 , CIO3 , CIO2 ' , ete., the water exchange rate 
increases very rapidly even in going from perehlorate to chlorate. "" As a case in point, when an 
aqueous perrhenate solution was irradiated with soCo gamma photons, the exchange rate with H2'*0 
increased by lOO-l.OOO fold, compared with unirradiated perrhenate. The increase in exchange rate 
was attributed to the faster exchange of rhmate (Re04' ~ ) compared with perrhenato. It was assumad 
that ths rhenate was fomod by the reaction bet w een perrhenato and aolvated electrons. These 
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considerations have led us to suggest that the rate-detemiiuiig step in the reduction of porteehnetate 
by cysteine may be the formation of Tc( VI). 

We have devoted some attention to this work because there are very few studies of the kinetics 
and mechanisms of reaction of technetium compounds in general and in particular in its radiopharma- 
ceutical chemistry. 

3. Crystal Structure Determination 

To date the only reported structure analysis of a monothiol Tc(V) complex is that of a d- 
penicillamine compound, [TcO(D-penicillamino)-(D-peniciUaminate)l.'"*' It is a 6-coordinate Tc(V) 
complex with two 5-membered rings each bearing a sulfur atom and a nitrogen atom bonded to the 
technetium The 5th position is occupied by a carboxylate oxygen. The complex was prepared by the 
substitution reaction between TcOCU and D-penicillamine in concentrated HCl. A complex with a 
similar visible absorption spectrum was prepared by Yokoyama and his collaborators from tteTcCl^'' 
anion and D-penicillamine This raises the question: Was the Tc(V) complex reduced by excess 
ligand or was the Tc(I V) complex (from TcClg^ ' ) oxidized by air? The resolution of this question has 
not bsMi fortheomlng. 

B. Synthesis and Structures of Bidentate Sulfur-Based Complexes 
1. Introduetion 

The ftiirly complete characterisation ofa nwnber ef teduMtiam eecnpleiies, ineluding the studgr 

of the properties ofTc(V) chelates of bidentate thiol ligands, has broadened perspectives and furnished 
at least the beginning of a generalized approach to the structural chemistry of Tc(V) complexes 
(unfertimaleiy, not all itudifld in water). TWo notes appeared simultaneously in 1978. In one, 
perteehnetate was reported to have reacted with an impurity in thjoglycolie acid and was reduced 

H9CH«C00H 

Thioglycolic Acid 

to the oxotechnetium bis (thiomercaptoacetate) anion, which was isolated as the tetra-n- 
butylammonium salt: n-Bu4NlTcO(SCH2COS)2i<^' In the other work, perteehnetate was reduced by 
NaBHi in ethanol in the presence of 1 ,2- or l,3-dithiol8 and the products were isolated as the 
tetraphenylarsonium salts. e.g.. Ph4As|TcO(SCHsCH2S)2).''^ 

In both reported Tc(V) dithiol complexes, the four sulflir atoms of the 5-member«d rings are 
nearly co-planar. The technetium atom is about 0.8 A above that plane, and the oxygen atom lies 
altove it. The Tc-0 distance is 1.6-1.7 A. The structures are thus approximately square pyramidal 
with the oxygen at the apex. The IR and Raman spectra of the 1 ,2ethylenedithioI complea show a 
band at 940 cm '; in the ease of the other compound, it is at 950 cm ' ^ These bcuids are assigned to the 
Tc = O stretching frequency by comparison with many Re( V) oxo compounds. 

The dithiol complexes ofTc(V) should be extremely stable against dissociation With most 
transition metal complexes, like amine complexes, the formation constant of the first member of the 
series is usually greater than that of the second, and so on. That is K| >K-2>K3. etc.. if only for 
statistical reasons. Thus for the complex of Cu*' and NH3, log K| =4.04. log K2 = 3.43. tog K3 s 

2 80, Lo?K4 - 1 48 However, sulfur-containing ligands like cysteine and its methylester form 
complexes with transition metals in which the reverse order of stability is found. For nickel cysteine 
complexes, log Ki = QOandlogKj = 11. t.'^"" Formation of the first metal-thiol bond facilitates that 
of the second bond. The explanation which has been ofTered is that there is some type of delocalized or 
pi bonding between the sulfur atom and filled orbitals from the metal which supplements the sigma 
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bonding which had resulted from the donation of lonp nlectron pairs to the metal from the ligand.'*** 
The overall effect, coupled with the additional stabilization which is to be expected from two 5- 

ring! ihould make complextiof bidsntate thiob of the appropriate geometry and spacing 
ixtrantly itablo againit diaioc Uttion. 

The displaeeiiMnt reaction of the tnonothlol cysteine on TdV) gf ueonatel'''** was extended to 
dithiols""". (l,l)-dicyanoethane (2,2) dithiol also reacted with Tc( V) gluconate to form a 4-membcred 
ring- a 1, 1 dithiolate complex of technetium.'"^' Its Tc s O IR stretching frequency was at 970 cm ' l 
Various teehnetiiun ditiriecrhama t e s of the gMwral formula 'MXS^CNRt) in which the R group 
representad various alkyi residues were prepared and diaraeteriied by speetroscopie methods."^ 

The unsaturated thiol ligand 3,4-toluenedithiol. which under other conditions yields the tris- 
dithiolate complexes of Tc(VI). produces the oxotech]Mtiutt(V)bis •<3,4-toluenedithiolate) anion, very 
much like the bidentate thiol ligand. The reaction was run in aqueous alkali, and the 
pertechnetate was redueed with sodium dithionite in the presence of the ligand. Structural analysis 
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on crystals was not p e r for med. The compound was characterized by its IR spectrum, by elemental 

analysis and by its fleld desorption mass spectrum. In this connection, similar experiments have been 
performed on molybdenum and rhenium'"^* compounds, which can also form either bis (normal) or 
trie complexes with unsaturated 1 ,2-dithiolate8 or p-aminobenaenethiols. Kinetle measurements «t 
25*C were made of the displacement reaction between Tc(V>-glueoinate and meao-2»3- 
dimercaptosuccinic acid as well as its dimethyl ester.^"*' 

HOOC CH(OH)CH(OH)CH(OH)CHOH CHjOH 
gluconic acid 



The increase in absorbance at 400 nm was measured as a function of time. The reaction appeared to be 
first order in the technetium and dithiol concentrations. The general reproducibility was poor. The 
eifect of acidity on the reaction rates was first order in hydrogen-ion concentration for the ester, 
and roughly half-order for the acid The hypothesis in the case of the ester was that the hydroniumion 
split the Tc-carboxylate bond of the gluconate complex in a reversible equilibrium, and that the 
product of this reaction slowly reacted with one dithiol molecule. A second dithiol then rapidly 
displaced the still coordinated gluconate ligand. However, since the carboxyl i?roup of the gluconate 
does not seem to be involved in binding technetium(V), *' ' this mechanism does not appear to be 
relevant. 



A large number of bis (dithiolatolTc( V) complexes have been synthesized and characterized in 
several laboratories. '^^"^-^ They have reinforced the conclusions which have already been readied 
about the general stabiUty and structural characteristics of this cIms of compounds. 
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S. Blixcd Salfiir-Oxjrim and Sulfur<Nitro|en Compounds 

The structure of tetraphenylanoiiiuin bis (2-mercapto-ethanolato) oxotechnetate. 
(Ph4As][TcO(SCH2CH20)2l is an almost square-based pyramid very much like those found in the 
dithiol oomplexes/^' There is some distortion in the 5-membere<i rings because of the difference in Tc- 
O and Tc-S bond lengths. The distortion causes the formation of a trapezoid in the plane. The Tc^O 
distance is 1 72 A, a little less than those Tound in the dithiol compleXM. The IR spectrum shows a 
strong band at 94d cm~S assigned to the Tc = O stretch. 

It can be concluded that the substitution of one oxygen for one sulfur atom in dithiol ligands 
produces only a small structural change. However, there is a loss of stability. This complex will react 
in soltttUm with two eifuivalents «f l,2-«(]tanedithiol to fi»rm [TGO(9CIisCH2S)s] ~ It appears to do so 
by way of an intermodiato species which may be a dimer ((TeO)2(SCH|CHs8)3 J.'"^ 

When dissimilar chelating atoms are present in a ligand, it can be expected that cis and trans 

isomers of the complex will form, and this may present a problem in the preparation of a pure 
compound. The solid compound which was actually isolated in the cited work'*'*" was the cis isomer. 
The trans isomer was not physically soparatod, but was detocted in the NM R spectrum of ttw initial 
reaction mixture Cis and trans isomais were also found in the fimnation of the unsymmetoical 
mercaptothioacetate complex."'*' 

A series of bisimidobisthiolate complexes of Tc(V) were prepared in which the core was 
TcON2S2.'^' The ligands were dimercaptodiamides in which the sulfliydryl groups were protected by 
benzoyl groups: (PhCOS(CH2)nCONH)2X (n = 1, X = (CHih. (CHth oro-C6H4;for n - 2. X » (CHth 
and (CH2):j were prepared). Pertechnetate-99 was reduced by sodium dithionite in alkaline solution in 
the presence of the ligands to yield complexes of the type (TcO(S<CH2)nCON XC0(CH2)nSl~' in which 
n s l.X = (CH2),(CH2)3oro-C6H4, forn s2.X = (CH2)2 The amide groups were deprotonatod in 
the formation of the complexes. The technetium was 5-coordinate in these compounds; the structural 
characteristics resembled those of the mercaptoethanol Tc( V) compounds. Thus, in the simplest of 
these, iMsed on ethylene bis (^•marcaptoacetamide),"*'' the Iwsal plane was a distorted square 
pyramid with some ri ng angle distortion, tlio Tte^ Odistanco was 1.879A and the technetium atom 
was 0.771 A above the plane. 

Another type of mixed S-N compound of technetium is found in the diaminodithiol (DADT) 
compounds. When technetium is coordinated to these ligands, the resulting complexes are neutral, 
quite stable, and exhibit a Hpophilicity which depends on the overall structure of the ligand.^"*' 
Whilea large part of the work was performed with Te>99m, a particular ligand-(N- 
piperidinylethyl) hexamethy! diaminodithiol-was reacted with 99Tc04', reduced in basic solution by 
sodium hydrosulfite, and compared (by HPLC and paper chromatography) with the MmTc complex, (t 
turned out that there were two complexes in each system. Characterization of the ^^c complexes 
suggested that the two iNEP D.*iDT) complexes were syn and anti isomers in which the .\- 
piperidinyiethyl aide cham was located either syn or anti to the Tc = 0 core In the synthesis of the 
complexes, one of the two secondary amine groups lost a proton, whereas the other did not. When this 
was coupled to the loss of two protons from the two sulihydryl groups, the net charge on the complox 
was reduced to zero. 

A number of diaminodithiol ligands with pendant sidp^roups-NH2, OH, COOH. or phenyl OH" 
were prepared and coupled with Tc-99m by reducing pertechnetate with SnCl2 or NaBH4. While 
there has been nocharacterisation of these complexes, it is probable that the sido-cliain groups are not 
d i rec 1 1 y involved in coordinating the technetium. If so, this points to high stability for the NjSs-Tc 

liniiage. 
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3. CMieluiioQ 

In tttfdimrjr TdV) forms oomplems with various <Hthiohi in which the coordination number of 

the mptal is 5 in crystals, and in which there is no group trans to the Tc = O bond. With dithiols, Tc(V) 
can form 4-, 5- and 6-membered rings. If a nitrogen atom is substituted for one of the sulfur atoms, as 
in N.K-ethylene bis (2-mercaptoaeetamid«), only a S-memliered ring has been found. The attempts to 
form a six-membered ring by the inclusion of an additional CH2 group were unsuccessful The 
short Tc = 0 distance is characterized by an IR stretching frequency in the 900- 1 ,000 cm " ' region. 
Thfe band oflbrs a convenient means (^identifying the Tc » O moiety in TeXV) compounds. This group 
appears to impart a degree of inertness to the complex, the magnitude ofwhich will depend on the 
nature of the coordinating ligands. This inertness arises from spin pairing in the d' configuration 
which ii promoted by the introduction of sulftir atoms into the metal coordination sphere. The two d 
electrons behave like a closed shell when they are paired. This does not mean, however, that all 
Te(V) compounds are diamagnetic. There is a temperature-independent paramagnetism (TIP) 
reported for tiie cempeunde wMeh have been dbeineed wlddk b indueed by an applied magnetic field, 
and wfaoee magmtude depends on that of the fieM.""' 

There is also a trans effect associated with M s O bonda (where M represents a metal) which 
has already been noted in Re( V) compoumto."'" Groups which are trans to the oxide ion (in a 
hypothetical or actual 6-coordinate compound) are rendered labile, in both a kinetic and an 
equilibrium sense. In the solid state the complexes discussed thus far are 5-coordinate. In solution, it 
iapoeeible that there is weak solvation in the position trans to the Tc = O bond. Only a qualitative 
statement can be made about the trans effect in octahedral substitution. More quantitative 
knowledge in this area has come from the study of square planar complexes.'^' The magnitude of the 
trans effoet depends on the nature of the Ugaadi. 

C. Tc(V) Complexes with Oxygen Compounds 

I. Introduction 

The first demonstration of the existence of a Tc( V)-oxygen-linked complex in aqueous solution 
was reported by Steigman, Meinkcn and Richards in a study of the reaction of pcrtcchnetate-99 with 
excess SnCl2 in a citrate builer at pH 7 Polarographic analysis of unreacted Sn(ll) showed that 
there was a rapid reduction of Tc( VII) to Tc( V). Noother characterization of the complex or complexes 
was made The oxidation state of the technetium was confirmed by Muenze, who found in addition 
that the absorption spectrum of the Sn(ll) reduced Tc<V) complex was the same as that of the product 
of reaction of the (TcOCIs)*' anion with citrate.'*^ l^ere was a peak near S90 nm whose molar 
absorptivity coefficient was 3400 M"'cm '. and a second weak band near TOOnm whose coefficient was 
30M ~ 'cm ' ' . Since the reduction by SnCl2 appeared to produce the same product as the substitution 
reaction with TcOCls*' , It can be concluded that there to no Sn(in-Te(V) or Sn(IV)'Tc(V) mixed 
complex Muenze claimed that the stoichiometry of the complex was 2:l(citrate: Tc), based on a 
spectrophotometric study of the reduction process. A later spectrometric study of the reaction of n- 
Bu4NTeOCl4 in methanol with citric add showed that the mole ratio of citrate to technetium( V) was 
1.5 1**' , implying that the complex formed here was at least a dimer of technetium Since the known 
citrate complexes of transition metals show extensive changes in charge and in their degree of 
polymerisation with acidity *^ *^ *■* it must be concluded that there is insufllcient 
characterixation of the Td V) citrate complex or complexes at present. 

The first reported study of a gluconate complex of technetium maintained that the reduction of 

pertechnetate by SnCIa in the presence of a gluconate salt produced a Tc(IV)-gluconate complex. 
The oxidation state of the technetium was determined by an iodoroetric titration of the solution, with 
the implicit assumption that the iodine reected only with excess Sn(II>. Both the analytical method 

and the chemical conclusions were questioned because of die (xissihility of oxidation of <ome reduced 
form of the technetium by the iodine reagent. Another study of the reduction of pertechnetate by 
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SnCI] in the presence of various polyhydroxy compounds including sodium gluconate and sodium 
glueoheptonato eotwluded that th«r« was a large fitmily of TdV) eompaunda formad in dilute alkalL'^ 
The oxidation state of the technetium in these complexes was established a?; Tc(V) by the 
polarographic analysis of excess (unreacted) Sn(II), by spectrophoto metric titrations,'''"' and by 
cottkMnatry at (ixad potential."^ The glueonate-technatium ratio was critical in datermintng tha 
electron number n (the number of electrons taken up by the pertechnetate) In alkaline solution tha 
value of n was 2.0 down to ratio 17. At pH 5, n was almost 2.4 when the ratio was 110. In an 
iodomstrie titration parfiMrmsd in air, n was 2.8. Tha naturs of tha products formsd in tha prasenca of 
insufiieiant gluconata was not invastigatad. 

2. Polyhydric Alcohols 

In the polyhydric alcohol series starting with ethylene glycol and finishing with perseitol, 
C7H9(OH)7, pale pink-violet solutions were formed in their presence when pertechnetate>99 was 
reacted with excess SnCl2 at pH 12 The visible absorption bands were near 500 nm. and the 
molecular absorptivity coefficients were about 100 M ' cm ' . A colored complex was formed with 1 , 2- 
propanediol, but Te02 was precipitated when 1 , 3-propanediol was the ligand. It was concluded that 
Tc(V) could form alkoxide-based chelates with 5-membered rings, but not with 6-membered rings. The 
early members of the series - complexes aSTdV) with ethylene glycol and glycerol • disproportionated 
rapidly whan thair alhalina solutions were acidified. Quantitative analysis showed tliat tha rsactum 
was 

3Tc(V) — > 2Tc(IV) + Tc(VIl)(asTc04-). 

Complexes formad with longar-chain polyola like nannitol showed virtually no dianga in spectrum on 
addifieation. 

These complexes, like those of the polyhydroxy acids described below, are not very stable in 

water, and require a fairly large excess of ligand for stabilization This makes it difficult to determine 
their composition by mole ratio or continuous variation methods If the ratio of ligand to technetium is 
too low, the complex decomposes. However, this is not the case in organic solvents like 
methylcellosolve (ethyleneglycol monomethyl ether) In this solvent, all mixture of pertechnetate 
and SnCl2 in alkali reacts to form a deep pink- violet compound which does not disproportionate, and is 
unchanging in time. The prior addition of a polyhydric ligand lowers the solution absorbance at about 
510 nm, and one can plot absorbance against mole ratio of ligand to technetium. On this basis, 
(assuming that the original compound isa solvated Tc(V) compound) it was found that ethylene glycol 
forms a 1 :2 teehnetium-glyeol complex, and that the mannitol complex has a 1: 1 stoiehiomatry. 

DePamphilis et al isolated the Tc( V) ethylene glycol complex as a solid salt. It had the 
oompssition Na(TdOHgly)sl, in which gly represents the divalent anion of ethylene glycol.'"*' 

A 1:2 Tc( V) complex of catechol ( 1 ,2-dihydroxybenzene) has been prepared as the tetra-n- 
hutylammonium salt.'"*' The Te ^ O group is at the apex of a pyramidal structure vary much like 
that observed in theTdVl'dithiolatacomplesca.''**' Analysis confirmed an earlier Moiehiooietric 
finding in solution. -'^ 
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Catechol 



3. Polyhydric Acids 

AMriMofhydrMy-MfabwMtMtodMUgMidsfertedimtlum^ WheiiTe04' wasreduetdby 

SnCl2 in an alkaline solution of glycolic or lactic acid, a brown dispersion was fornned, which was 
assumed to be Tc02. Longer-chain polyhydroxy acids from glyceric to glucoheptonic formed pink- 

HOCHsCOOH 

Glycolic Add 

CH3CH(0H)C00H 
Lactic Acid 
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Glucoheptonic Acid 



violet complexes in alkali with molecular abaorptivity coefncients of abotti 100, very much like the 
pol vol complexes The glyceric acid complex was stable in alkali and disproportionated rapidly in acid, 
like the ethylene glycol complex. The gluconate complex showed a single band at 502 nm in alkali. In 
acid solution two bands appeared at 600 nm and 490 nm. The original 502 nm band reappeared in 
alkaline solution. TheTc(V) glucohcptonate complrx showod similar behavior. This is in marked 
contrast to the mannitol complex which showed no change in absorption spectrum from pH 12 to pK 3. 
The similarity in spectra between the polyol and polyhydrie acid complexes, the failure to form one of 
these complexes with a simple alpha hydroxy acid and the spectral change on acidification of the 
gluconate and gtucoheptonate complexes strongly suggest that the carboxylic ucid group is not 
involved in the binding of technetium to the ligands. The spectral changes on acidification repreaent 
either the neutralization of a frer carhoxylatr or the formation of a lactone from the free carboxylatO. 
This conclusion was reinforced by paper electrophoresis experiments with ^^ntXc. These showed 
(relative to Mr)Tc04 ') the glucoheptonate complex migrated almost twice as Ibst as the mannitol 
complex from pH 11 to pH 5 However, at pH 4 and at pH .3 the mobilities were almost the same. At 
the same time, the mobility of the mannitol complex {relative to 99°>Tc04 ) was essentially unchanged 
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from pH n to pH 3 The conclusion was drawn that the glucoheptonate complex in alkali was more 
highly charged than the mannitol complex, but that the two had the same charge in acid, and that this 
was due to tiM pratomtion 4^the frw carboxylate groap."™ 

The mole ratio of glucoheptonate to technetium was found to be 1: 1 in 25 molal choline chloride 
in which the SnCls and perteehnetate-99 eoneentretions were equal, and to which various aliquotoof 

sodium glucoheptonate solution were added The chemistry of concentrated aqueous quaternary 
ammonium salt solutions and their role in stabilizing anionic metal complexes has been explained 
eltewhere.'^'*' 

4. Tc-Glucoheptonate 

A recently published research established that technetium 99 in the glucoheptonate complex 
was in the V state. There were, however, a number of other properties ascribed to this complex 
which must be reexamined. In the reported study, the conclusion was drawn that there were two 
ligand molecules to each technetium atom This was hased on a spectrophotometric mole-ratio plotof 
the absorbance at 502 nm versus the ratio of glucoheptonate to technetium in a solution which 
initially contained 0.115 HMTe04~ andO.115 MSnCI^ The pH, whidi was not adl'usted, rangedfrom 
about 2 at very low glucoheptonate concentration to 5 f) wuh a large excess It was claimed that the 
spectra were unaltered over the pH range, but that the peak at 502 nm decreased as the pH was 
lowered. It has already been shewn elsewhere that the band shape is changed drastically below pH 

5. '^^ In any event, there are two breaks in the mole-ratio curve: atratio2, and near ratio 6.5. The 
latter is attributed to a "pH effect. " The break at ratio 2 is ofTered as the proof that the composition of 
the complex is 2 ligands to 1 technetium. The plot shows a smaller slope in the 0-2 mole-ratio interval 
than aAer it. It is the diffwaiMe in slopes which causes the apparent diseocitinttity in the curve. 
Otherwise, the overall curve resembles that of a weak complex which requires a fairly large excess of 
ligand for stabilization. At the 2:1 ratio the absorbance is about 0.08 and the pH is 4. The apparent 
yield of glucoheptonate complex is less than 15*% The lowered slope in this region may well rep r e s e n t 
the formation of tin complexes of glucoheptonate;^' the tin may then be in competition with 
technetium for the ligand. As the glucoheptonate-technetium ratio increases, this competition will 
beoome lest important 

In the reported study, the IR spectrum of a non-crystalline solid sample of the 
glucoheptonate complex showed a band at 1740 cm~\ which was identified as thai of a Tc-carboxylate 
stretching frequency (Tc-OOCR i However, thi?; is not the carboxylate frequency of a metal- 
carboxylate complex Ionized and coordinated carboxylate frequencies are found between 1540 and 
1650 cm ''. not far from the uncomplexed carboxylate stretching frequencies in the 1630-1575 cm ' 
interval ^''^ The band at 1740 cm'' is that of a carbonyl stretching frequency - either a free cnrhoxylic 
acid group or a lactone."^' The IR spectrum uf the solid sample also showed bands at 930, 970, and 
possibly at T86 cm ' ' . These were assigned to a Tc = O stretch. However, the presence of two bands in 
the 900-1,000 cm ' region raises some question about the homogeneity of the sample In addition, the 
band at 785 cm ' introduces a diilerent possibility. Davison and Jones reported that the following IR 
bands appeared in various TdV) cyanide complexes: 910or 932cm~i <lbr the Te^O stretch) and 785 
cm ' for a trans dioxo (0 = Tc - 0) stretch. "* Earlier work on various Rc(V) complexes showed similar 
values with similar assignments. The terminal Re = 0 stretch in mono-oxo and in binuclear (linear) u- 
0X0 compounds is fnm 91 2-995 cm ~ ^ . The tnoM^ioxo asymmetric stretch is found in the 7764135 cm ' 
' interval The jj-oxo asymmetric stretch in Re O Re compounds lies between 720 and 860 cm ' 
The band at 785 cm ' > in the IR spectrum of the solid Tc-glucoheptonate may belong to a trans-dioxo 
compound or to a dimeric Tc-0*1^e complex. 

The proton NMR spectra of sodium glucoheptonate and of technetium! V) glucoheptonate 
solutions in D^O were measured, and the results were interpreted in terms of the structure which was 

advanced for the technetium complex ^ The chemical shift of the proton on the carbon next to the 
COOH group in sodium gluconate (in D2O) was 4.12-4.14 ppm from the internal standard, and in the 
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Tc(V) glucoheptonate solution it was at 4 36 4 38 ppm The change was attributed to the prtstnotof 
the paramagnetic Tc( V) in the complex, operating as a shift reagent However, Tc(V) is 
diamagnetlc,""' like RefV),""*' and hum cannot function as a shift reagent. The shift may be due to a 
difTerent cause. The Tc glucoheptonate solutions in this work appeared to be acid. The shift could 
have been caused by protonation of the carboxylate group. Sawyer and Brannon found that acidifying 
a ndium gluGoiwU wlution piradimd « ihift in tha iwoton on this cailion alpiin to the cnrboxyl groupt it 
went from 1 . 017 to 1.383 ppm. Th* fiwr rmwininK protons did not chmngo fr«ituency to any signiliennt 
extent.'** 

In the structure projected for the Tc-glucoheptonate complex, the charge on the complex wns 
asaumed to be This was based on previously published batch equilibration studies of the 
distribution of MmTc activity between an onion-exeliange resin in the perehlorate form and a solution 
of NaCI04 operating as a displacing electrolyte. The slope of the radioactivity -concentration curve 
gives the charge on a given complex by comparison with a known compound like NaTcOi. ^ ^' 
However, particularly in the ease of anion exchange resins, the spedes on the column may not be the 
magor species in solution. In studying the uptake of Co(II) salts in HCI solution by a strongly basic 
anion-exchange resin, Kraus and Moore found that the species [CoCl3(H20)]'~ was picked up by the 
resin in preference to the prmcipul species present in concentrated HCI which is (CoCU]^'.'^' In the 
same vein, it has been reported that a potassium, ammonium or cesium salt comes out of a Tc( V) 
solution in concentrated HCI as C52Tc(DCls,etc- "* whereas a quaternary ammonium salt comes out as 
R4N TcOCU.***" The strongly basic anion-emhange resins can be regarded as cross-linked quaternary 
ammonium compounds. In addition, thecharge on the glucoheptonate complex of Tc(V) should have 
been determined at difTerent pH values, regardless of the method used. The reversible spectral change 
with pH shown by Tc-glucoheptonate solutions'"^' most probably means that one or more protons have 
been added to the complex on acidification. This will change the charge on the complex. Accofdingto 
Sawyer, the Fe(III) gluconate complex (a 1:1 complex in which the COOH group is not directly 
involved) can assume charges ranging from + 2 in acid to - 1 in alkaline solution.^"*' 

There is an important conceptual difficulty associated with the sugfjested structure of the Tc(V) 
glucoheptonate complex. It is assumed that two glucoheptonate ligands react with the technetium at 
the carboxylate and the alpha-carbon alkoxide groups. However, if this were correct, any alpha- 
hydroxycarboxylic acid should form similar complexes. Yet lactic and glycolic acids do not form Tg(V) 
complexes, and glyceric acid which does, disproportionates rapidly in acid solution, unlike Tc(V) 
glucoheptonate, which merely undergoes a reversible spectral shift. The projected structure does not 
explain the source of the greater stability of the longer-chain Tc( polyhydroxy carboxylic acid 
complexes in this regard. It appears, then, that the polyhydroxy carboxylic acids form the same 
alkoxido-based chelate (bund tor theTe(V) polyhydric alcohols. 

D. Compounds of Tc( V) and N itrogen-Containing Ligands 

It has been known for some time that Re(V) forms trans-dioxo complexes with nitrogen bases, 
both mono- and bi- or poly-dentate. lRe02(py)4r' Cr andlReOjenal'* CI' are typical.'^'' (nthecase 
of technetium, an early paper hy ^litsyn and hb collaborators described a dioxo Td V) tetrapyridine 
complex which was characterized by its IR spectrum ''^ In addition, the reduction of pertechnetate- 
99m by SnCl: in alkali in tiie presence of cyclamo-macrocyclic nitrogen compounds produced 
technetium eomploMS.'"" One ligand in particular - 1. 4, 8, 1 1-tetraasatetradaeane, with 4 nitrogaa 
atoms in a rii4;,whieh is capable of fiMrming 4- and 5-memb««d rings with a central Tc atom did form a 
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Tcf V) complex It was free of tin It was cationic, and had the same electrophoretic mobility as Codll 
cyclam pseudohalide complexes with a 1 charge, about half the mobility of Ni(II) cyclam complexes 
wttha '^2eh■rgB, and about one-third of the mobility of Co(III) complems with a +3 charge. The 
aiithon alflo prapared a Tc-cthylencdianiine conqtlex in aolution. The aane gnnip pulriiehed the 

H2NCH2CH2NH2 

Ethylenediamine 

crystal structure of a Tc(V) cyclam perchiorate, which confirmed the conclusions drawn from the 
earlier chemical work performed on aqueous solutions of the Tc-99m complex. Other Tc( V) complexes 
with nitrogtn buM have been prepared and studied. They inelude the ethylenediamine eemptex,**'* 
pyridine, imidaaole and picoline eomplexee,**"* and a aeriee of aliphatic amino, hetero^lie mad amino- 



H 




Pyridine Imidaaole Picoline 



acid ligands which form cationic Tc(V) complexes ^'^ All tetramines which have been studied show 
the Urans^ioxo structure in their Tc complexes, in terms of stability in solution, the cyclam type of 
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structure appears to be most stable. The ethylenediamine complex decomposes in water unleweaceit 
ligand is present. This is also true of the complexes of monodentate ligands. 

Diamine complexes of Tc(V) have been prepared with 1 ,2-propylenediamine and 1 , 3 
pffOpylenediamine^^^' which means that Tc(V) can form both 5-membered and 6-membered rings with 
two nitroflStt etonu. 

Zuckman and his collaborators have suggested that dioxo complexes of Tc(V) and Re(V) are 
formed when the ligands are uneharged and are poor n donors, like the nitrofwi bases mentioned 

above When the ligands are negatively charged and operate as strong n donors, like oxygen, sulfur 
and halogen anions, five-coordinate complexes with a Tc= 0 core are formed.'''^' That is, formation of 
a diom core Is a moans of redueiog the effeetitre central charge of the technetium, but this is also 
effectively done by the above anions. 

However, the existence of another tjrpe of nitrogen-based lifsnd complicated diis picture. This 

is the amine-oxime class ofreagents In the reactions with Tc( V), two amino nitrogen atoms are 
deprotonated on complex formation and the two nitrogen atoms of the oxime groups complete the 
formation of the complex."*" The OH groups of the two oximes lose a proton, and form a hydrogen 
bond between them The complication is that in spite of coordination to four nitrogen atoms, the Tc(V) 
forms a TcO^ core rather than the expected trans-Tc02 ' core. This emerged after the earlier work 
which was limited to radiochemical ■twfiee with MmTc which reacted with 3,3-( 1 ,3- 
propanedtyUUmino) bis (3-metlvl-i(-btttanoiie oxime) (known as PnAO).**^* 



CH3CH3H HCH3CH3 

I I I III 
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CH3 CH3 



PnAO 



These radiochemical studies by Troutner and his collaborators showed that the complex was 
neutral end lipophiUe.''"' Crystals of the Tc-PnAO were then prepared with WTc and analyzed ^'^ 
There was a planar arrangement with the four nitrogen atoms, a shortened oximate-O-oximate-0 
distance compatible with a single hydrogen bond, a Tc-0 distance - 1 .679 A • comparable with other 
Tc = O distances, and occupying the apical position. More recently, after the discovery that the MmTc 
PnAO complex penetrated the intact blood brain barrier (but was washed out too rapidly for use witha 
slowly rotating gamma camera), a number of other ligands of this type were synthesized and 
structures and various properties of their Tc complexes were examined. The Tc = O distance is a 
little on the lont? side '1 676 k) when compared with those of other complexes (1.61-1.67 A) The IR 
Stretches for Tc-0 range from 908 923 cm • The average Tc-.N'iamidei oo^d is 1.913 A; typical 
TcNfaminei distances are 2.088-2 259 A. The autlwrs concluded that the two deprotonated N atoms 
show sp2 rather than sp3 hybridized character This, together with the deprotonation of the amine 
groups makes the TcO^ ' core more stable than a trans TCO2 ' species, which in any event may be 
geometrically difficult to form, given the steric crowding of the Te s O by methyl groups on the carbon 
atoms adjacent to the amide nitrogens. 

A fiirther investigation by the same group shifted the inquiry from the effects of subetituent 

charge on the backbone to a study of the effects of changint; the lengths of the hydrocarbon backbone 
itself. The backbone groups'^'*" were: ethylene (Ent, propylene (Pn). butylene (Bn) and pentylene 
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(Pent). The prototype is the original Pn(A0)2, commonly called PnAO/'^*' This work turned up both 
monoxo (Tc = 0) and dioxo (O = Tc = 0) cores. In addition, there was an unusual 8-membered chelate 
ring with a Tc(V) center in Tc02 Pent (AO) 2, (with no backbone), TcOEn(A0)2 showed a Te»0«tretd» 
at 930 cm"', likeTc-PnAO. However, the Bnand Pent complexes showed stretches at 
790 cm-'.consistcnt with either a Tc dimer or 0=Tc = 0. The Tc02Pent(AO)2 was approximately 
octahedral , 6-coovdiiiate. The Tc was in the plane of the nitrogen atoms, not above it as in TePbAO. 
One oxime hydrogen was lost in the complexing, but none was lost from the nitrogen atoms. The 
neutrality of the complex was assured by the additional oxide ion, forming a TCO2 " core. The 
lipophilicity decreased as one went to the Bn(A0)2 and Ptont(AO)seoiiiplexw~|Wob«bly because «f the 
intraduction of additional oxide ions. 

The authors concluded that the only variant in these experiments was the amine-amine 
backbone length, and hence the overall ring size on complex formation. Davison and Deutsch had 
suggested that the electronic nature of the groups cis to the 0x0 groups is the primary factor in 
deciding whether TcO** or TcOs* mil Sorm. Anions will help to stabilize the TcO' ' core by reducing 
the effects of the central charge. Thus, an amide will lose a proton, forming an amido anion and will 
show sp' character, and (firom the decrease in the Tc-N distance) will show multiple bond formation- 
factors which stabiliae TieO^'^ . However, with the longer backbone, Sterie constraints become very 
important and too great a Tc-N distance will result in TcOo* formation, the N atoms will retain sp' 
character with their hydrogen, and they will behave like hard, neutral donor atoms. The increased 
ring aiae intfodiwes too miidi Strain for the dspfotoiwtiioa of 1^ ani^ 
distances. 

Overall, more stabilisation is obtained thio«i([^ depretooation and sp^ bjbffidisitto 
nitrogens, and through formation of Tc-N multiple bonds (as withTc(V)PnAGO thsn is adiiaved by 
formation of the trans-dioxo species Tc(>2*'. 

E. Mixed Nitr«ffBn-0]qrgenComplexesori^e(V) 

ft>IIydniiyquinoline represents a type of reagent which can form miaed nitrogen-oxygen 



OH 




d-HydiO]Qrquinolin« 



complexes with TcfVl, in which there are two coordinating sites on the same molecule At present 
several different oxinate complexes have been reported. Rajec and Mikultg claimed that they had 
prepared (TcOs(OX)(HsO)2l (here OX represents the oxinate anion 4^ ft-hydraxyquinoUne).^' It was 
made by treating a concentrated HCl solution of perteehnetate*99 (thereby producing TcOCU' ) with 
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oxine and repeatedly extracting excess oxine Their analysis showed almost a 1:1 ratio of lechnetittm 
to oxine, and an IR band close to that reported earlier for a Re( V)-oxinate.'"^' In the latter workf 
IM>2.2H20 was melted with neeMS-hydroxyquiaoUiMi^ Two products were obtained -a grata 
compound with a 1:1 ratio of rhenium to oxine, and a 1:2 compound Both products showed an IRpeak 
at 920 cm~ \ and both in solution showed a band near 415 nm. This was also the case for the Tc* 
exinate oompoiind reported bjr Rajee and Mikut^. The one diseoneerting assignment in both papers is 
that oftheIR stretch at 920 cm'' to either Re02' orTcOT* Wilcox, Haigand Deutsch reacted a 
number of substituted 8-hydroxyquinolines with a TcOCl4~ salt in methanol, and obtained and 
characterised compounds which unambiguously had two moles of oxinate (&t each mole of teduietium, 
and showed an IRband whose frequency was well above 900 cm"'."*' They also carried out a crystal 
structure analysis of one of the complexes. The compounds had the general composition [0Tc(0x)3Cl]; 
the g-hydroxyquinolnte complex had a peak at 404-nm, with a molar absorptivity of 9800 M ~*em~*. 
This Is somewhat greater than the value reported by Rajec and Mikulaj: Xmai - ^05 nm, £ = 6650 
M"-cm' ^. On the other hand, a different complex was found by Hwang and Steigman.^^' They 
carried out a spectrophotemetrie mole-ratio study of the readion between TcOCU ~ (prepared from 
NH4TCO4 in concentrated HCl) and 8-hydroxyquinoline in 8 molal tetra-n-butylammonium bromide 
or 29 molal choline chloride. The quaternary ammonium salts stabilised the TCOCI4 ' anion against 
hydrolysis, and also salted in both ^e oxine and any oxinate complex. In these systems a compound 
was formed with an absorption maximum at about 532 nm with a molar absorptivity coefficient of 
2300 M " ' cm ' ' , and the composition of this complex was 1 : 1 technetium to oxine. They also prepared a 
solution 4rirTc(V)-gluo>nate in alkali by reduelfon with SnCl2, neutralized the preparation to pH 7 in 
the same quaternary ammonium salt solutions, performed mole ratio studies with 8- 
hydroxyquinoline, and found the same spectrum as before, and the same 1: 1 stoichio metry in the 

complex. Wt.«» t-rymtmmw^ pwwiiM.* — nl»*mhtmA i>*l>al^ • tmf»tf»mm — « propa raA Iw 

homogeneous solution with Tc(V) and 8-hydroxyquinolinewlthadifferent spectrum andadiffarant 
composition from those in the earlier work. 

Schiffbases constitute a second and potentially very large type of mixed-atom-ligand forTc(V). 
The bidentate ligand N-pheuylsalicylideneimina (prepared ftom aniline and salicylaldehyde) 




N-phenylsalicyUdeneunuie 



CHO 




OH 




salicylaldehyde 



was reacted with ( AsPh4) [TcOC I4I in ethanol."** Two products were obtained: an intermediate 
compound with a [TcOClaL]'' anion (here L represents the anion of the Schiff base) and aoautral 
complex, [TcOClLjr. The structure of the final product was determined. The coordination geometry 
around the technetium is approximately octahedral, The two ligands ( L) are orthogonal to each other, 
SO that one ligand bridges an equatorial and an apical position, and the other occupies equatorial 
positions A tridentate Schi:Tbase, similar to the one described above, but with a phenolic group ortho 
to the nitrogen was prepared by condensing 2-amino-phenol with salicylaldehyde in ethanol.'^*~ The 
technetium complex was prepared by reactiag [AsPlu] (TcOCUl la ethaaol with the Schiff baaa. The 
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resulting uncharged Tc complex is sol uble in haiogenated organic solvents. The IRTc = 0 stretch is at 
980 cm'l. The structure is a distorted square pyramid with the oxo group displaced by 0.67 A out of 
the basal plane. It is therefore 5-coordinate in tJieaolicisUte. This was attributed to the ligand 
requirements. Three tetradentate ligands were prepared from salicylaldehyde and phenylenediamins 
or ethylenediamine, and from acetylacetone and ethylenediamine.^^' The Tc(V) complexes were 
prepared by reaction with [BU4N] [TcOCUl in ethanol. X-ray analysis showed that the eationie 
complex based on the ethylene bis (acetylacetoneiminato) Hgand had a trans-oxoaquatechnetium(V) 
core (O =Te-H20). This is an intermediate composition between Tc = O and 0 = Tc = O, but showed an 
IR clreldi in the 9OO>08O cm't region, like the ether reported in die paper. The ethylane bb 
salicylideneimine complex was uncharged, with a chloride trans to the Tc = 0 bond Eight 6 
coordinate mixed tri- and bidentate SchifTbase complexes of Tc(V) and Re(V) were prepared, and the 
crystal stmeture of one of these was determined.'"" The coordination geometry of the sufafeet 
compound was approximately octahedral The phenolic oxygen of the quinolinolate was trans to the 
Tc = O bond, whereas the phenolate of the salicyl group was in the equatorial position. A different type 
of Sdiiff base was prepared by DxiPreez and his collaborators; the compounds included 2- 
hydroxybanaiUdam-S-hydroiiyamlina and similar ligands which yidded technetiuni eoaptexas of tlw 



OH OH 




2-hydroxybenzilidene-2-hycLroxyan.iline 



type [BU4NI [Tc02(Schiff base) (TcO2(Schifrbase)H201.^'' Pertechnetate 99 was reduced inaUcalina 
solution by Na2S204 in the presence of a ligand, and the product was isolated as the tetra-n- 
butylammonium salt, and purified by recrystallization. The compounds were characterized by 
elemental analysis, IR and electronic absorption spectra, and conductivity in nitromethane. It was 
concluded that these were Tc(V) complexes These Schiff-base ligands included monoanionic bidentate 
and di-anionic tridentate compounds In some cases, sulfur was substituted for oxygen, as in S- 
hydroxybenzilidene-2-thiolaniline The surprising finding was that the Tc02* core (the dioxo- 
technetium(V) core) was present in anions in all cases. In corroboration, the IR stretching frequency 
(br the TcOz' group was at or below 800 cm ~\ It has been argued that the TcO^' core is foimdin 
complexes (often with negative groups bonded to the technetium) in which the ligands can operate as 
strong n donors, and that otherwise one will find the TCO2 ' core in neutral ligands (like amines).'^^^' 
This is not the ease here; the authors are reporting TCO2* cores in anicoie complexes of Tc( V). They 
hypothesized that the overall Lewis basicity of the planar ligand systems, rather than the formal 
charge of the accompanying planar ligands is important in determining which core is formed. 
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2-hydroxybenziUde]ie>2-thiolaniliiie 



Bthanolamine and other similar alkanolamines form weak complexes with pertechnetate + 
SnCl2 in alkaline solution. It was assumed that these were Tc( V) complexes. While there is a large 
number of physiologically active substancwm^ich offer N, 0 coordination to technetium, these will 
probably be quite weak. This is reported here as a < a < ning against uaingTris (trie (hydroxymeth yl) 
aminomethane) buffers in solutions containing pertechnetate which is going to he reduced since the 
buffer may produce an unwanted complex of technetium. 



NH2 

I 

HOCH8-C-CH2OH 

I 

CHaOH 



Tris 



F. Nitride Complexes of Tecluietium( V) 

A nitride complex of technetium! V) was prepared by rCMting NH4TCO4 with N2H42HCI 
(hydrazine dihydrochloride) in 0.5 M HCl in ethanol in the presence of triphenylphosphine, and with 
air excluded. The product was TcNCl2(PPh3)2. It was possible to prepare other nitride complexes by 
Ugand exchange; this included the diethyldithiocarbemate complex, TcN(S2CNEt2)2-^^ This had also 
been the method used to prepare the rhenium analog some years before Baldas and his coworkers 
prepared the technetium complex somewhat differently. They reacted NH4TCO4 with hydrazine in 
aqueous 5 M HCl, neutralized and added sodium diethyldithioearhamate.'***' The compound was 
isostructural with the rhenium analog The Tc^X distance was 1 604 A with the nitrogen in the 
apical position in a distorted square-pyramidal geometry. The four sulfur atoms formed the base. 
IImTc-S distance ranged fiwm 2.381 to 2.391 A. The Tc atom was 0.745 A above the basal plane. A 
strong IR band at 1070 cm'"' was assigned to theTc^N triple bond, on the basis of similar values 
attributed to the Re«N bond.'"^' The carbamate complex was insoluble in water, and soluble in 
dilorolbinn. A ieeondTc<*Neomplcx was prepared by Ugand esehange.'"*' NH4Te04 was reduced 
with hydrasina in HCl in the preaenoe of tiiphanyl phomMne. and the resulting complax. 
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[TcNCl2(PPh3)2l was reacted with NH4SCN in ethanol to replace the chloride with thiocyanate, and 
finally was reacted with acetonitrile. The product had acetonitrile of crystallization as well as 
coordinated acetonitrile. The structure is a distorted octahedron. The Tc^N distance is 1.S29 A* 
markedly greater than that found for the dithio-carbamate complex, and reminiscent of a large spread 
in Re ■ N distances.'"*' The thiocyanate ions are bonded to technetium through the nitrogen atoms as 
in other teehnetiuni and rhMiium thiooruaate eomplexn.'^**^*^**" The TeaK [R stntdi b at 1088 
cm"'. 

A gMMnd synthetic method for preparing nitride complexes of Tc(V) by reduction of a Tc(VI) 
compound was worked out by Baldas and his collaborators. They formed salts of the Tc(VI) complex 
anion TcNCU - and reduced the technetium with reagents which could also coordinate it. ^ ' The 
preparation and general properties of the Tc(VI) nitrido chloro complexes were described in the section 
on Tc(\l) compounds. The quaternary ammonium and arsonium salts are soluble in acetonitrile, and 
react readily with displacement reagents (e.g., bromide replacing chloride) or an excess of reducing 
ligands: triphenylphosphine, dithiocarbamate salts, thiocyanate, and 8-quinoline thiol (called 
thiooxine). Thiooxine yielded crystals of the bis (8-quinolinethiolato) nitridotechnetium( V) The 
crystal structure is a distorted square pyramid. The Tc* N bond length is 1.623 A, the nitrogen atom is 
at the apex. The two ligends are uBusually planar. It was noted that while the dilorideligands were 
easily hydrolyzed in water, the Tc = N grouping was quite stable. This was evidenced by the 
persistence of the IR band at 1 058 cm ~ * after hydrolysis. Recently, Ouatti et al have developed a 
procedure to prepare Te nitrido comideies und«r mild contitions usingderivatives of S-methyl 
dithioearbaiate.'"*' 

Unlike theTcOCU' and TeOCIs*' anions which exist in equilibrium Ui HCl solution.'*^ the 

TCNCI4 " anion is the only one found in solution; TcNCI;,*" is isolable only as a cesium salt in the solid 
phase. If the salt is dissolved in reasonably concentrated HCl, only the TcNCU' anion is found.'^ In 
more dilute eoltttion, a pink spoeios is formed. As the eoneentralionofHCl is increased, an 
equilibrium is established between TCNCI4" and the pink species The addition of water to solid 
CS2TCNCI5 and of concentrated HCl produces a deep blue species which is converted to TcNC^' on 
Standing. Both the pink and the blue species are diamagnetic. 

If C82TCNCI5 is dissolved in water, an orange solution forms which turns violet-brown and 
deposits a brown ehtoride-lree precipitate of nitrldotedinie(Viy add.****" This draws IR peaks at 1064 

(Tc = Nl and at 708 cm"' (probably Tc-O-Tc, pointing to its polymeric nature) Drying the solid leave* 
a residue wiM>se empirical formula is TcN(0H)3. It dissolves readily in HCl, and will precipitate 
A8Ph4(TeNCU) on addition of AsPh4Cl. It is also soluble in IMKOH; the addition of HCl produces 
TcN'CU" . When the TcN'(0H)3 is freshly precipitated by cold water, it is soluble in a wide variotyof 
organic and inorganic acids, permitting the preparation of TcN complexes free of chloride. 

TCNF4 ~ and mixed fluoride-halide complexes are prepared by adding concentrated HP to 
C82TcNCls. With an excess of AgF, one can produce only TcNF^* in HF solution. 

Mixed halo-cyano complexes are made by reacting CS2TCNCI5 or TcN(0H)3 with aqueous KCN. 
These are yellow solutions which yield solid (AsPh4 )2TcN(CN)4(OH)2^H20, a Tc( V) complex. 
Addition of concentrated HCl to the yellow cyanide solution changes the color to deep purple, and ear 
shows three species: TcNCU', TcNClaCN' , and TeNClaCCN)^- .The TcN*" core undergoes oxidation 
to TcN^' in HCl, poeaibly by reacting with air.'**^' 

G. Some AdditionBl Compounds of TsehnetiumC V) 

1. Thiocyanate Complex 

A Tc(V) thiocyanate complex was prepared by reacting n-Bu4XTcOCl4 in iced methanol with 
ammonium thiocyanate and then precipitating with Ph4A8Cl. A red crystalline solid was formed. ^ 
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This was (Ph4 As)2TcO(NCS)5, characterized by elemental analysis, IR spectroscopy (Tc = O stretch at 
945 czn~ ') and magnetic moment. The compound was dissolved in acetonitrile and Created with excess 
ammonium thiocyaiut* with which it reacbid stewty undergoing further reduction to form a mixture 
of TcfNCS)6'" and Tc(NCS)6'" - that is. a mixture of Tc(IV) and TcdII);"' It can be assumed that the 
technetium is bonded to the nitrogen rather than to the sulfur atoms in the thiocyanate ligand in the 
Te(V) complex, like the bonding in the lower-valent eompouads. 

2. Cyanide Complexes 

Cyanide complexes of Tc(V) have been prepared in various ways '^'^ These include a 
replacement reaction in methanol between NHiTcIe and KCN. which initially yielded a Tc(III) 
eom|>lex: K4Tie(CN)T'2H30. On reerystallizatton in the fireeenee of air, the latter was oiddiaed to 
K2TcO(CN)5.4H20. The same compound was prepared by the oxidation of TCO2.2H2O in the presence 
of KCN. The Tc = O stretching vibration of the Tc( V) complex was at 910 cm~ K The trans complex, 
Te02(py)4Cl04.2H20 when treated with KCK in methanol yielded KaTe03<CN)4. The OaTesO 
asymmetric stretch was at 785 cm"'. It was also possible to obtain a cyar.o complex by direct reaction 
of n-Bu4NTcOCl4 with KCN in methanol. The compound was [(n-Bu4N)2 TcO(OMeKCN)4J. In this 
oomplez the Tc sO etreteh was at 932 «m'\ and the Tc-OMe etretdies (qrmniotric and anti« 
eymmetrie) were at 1097 and 1460 cm 

3« Arsine Complexes 

A TcUU) arsine complex, [Tc(diars}2Cl2J*C104~ in wluch diars stands for 0- 
phenylenebis(diarriae) was oidfiiad in alcohol eolutionhy meansef Cla.****^ This prodneed an eight- 
coordinate Tc(V)camptai: (Te(diarB)tCl4)PPa. The new compound pewe wo d dodecahedral 
coordination. 

4. BDTA Complex 

A seven-coordinate 0x0 technetium(V) complex with EDTA was prepared aa the hariuaiaaltbjr 
Dcutsch and his collaborators. It was synthesized by reacting H4EDTA withTcOC^^' in anhydrous 
dimethyl sulfoxide, yielding the Tc(0)£DTA^~ anion as the add.'^^^ 

5. A New Type of TeCV) Core 

It is possible to classify T(V) compounds by the core containing Tc and another atom. The cores 
would include: Tlc0**,Tc0j**,Tc-O-Tc(dimer) and Tc = N**(nitrido). Compoimds containing a new 
core-a Tc imino core-were recently reported.'**''' The complexes contain the core (Tc^ = NR)^* in which 
NR represents an amino group. The core (TcNR)** is formally analogous to TcO^*. In one method of 
synthesis, the salt (BU4N " ) (Tc 'OX4) (X = Cl.Br) is reacted with excess RNCO in toluene, producing 
Bu4N(TdV>NRX4}. In turn the latter is a good starting material for new Tc= NR complexes. 
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A second s>-n thesis was made by reacting an aromatic amine with BU4N 'TcOCU " in the 
presence of phosphine. If the latter was triphenyl phosphine (PPha), the resulting product was 
(TeV(NC«H4ZXClsXPPh3)2). If th« phocphiiic was RsP-CHfCH^FRs* Uwpraduet wasaTedV) 




The Tc( V) complex was useful in substitution reactions, for example, displacing two of the three 

halogens with 

R2'N^S-S.C.NR2' 

s s 

The complex itself was structurally characterized. 

H. Diq>lacem«ntReaetiont and Mixed-Ligand Complexes of Te(V) 

Displacement reactiOttS have beer, used :n the synthesis of many Re(V) and of someTdV) 
complexes. One group of compounds - TCOCI4" and TcOBr4" salts - have been used in a number of 
syntheses which were described earlier. The solid salts (asually quaternary ammonium or arsonium 
compounds) have been characterized structurally and show the pyramidal Structure of 
oxotechnetium( V) compound. Perhaps the simplest synthesis is that reported by Bandoli et al.****' 
AsPh4AsTc04 was precipitated from aqueous solution, reduced with concentrated HCl and 
recrystaUiaed from a methylene chloride pentane mixture. Displacement reactions with these anions 
cannot be used in water because of rapid solwtysis and dis p ireper t ionation,'*°" ThsdlaplacMMntsara 
usually carried out in methanol or ethanol. 

Steigman and his collaborators introduced the useofTc(V) polyhydroxy compounds, including 
the gluconate, as intermediates in the preparation of more stable Tci V) compounds in water by 
displacement reactions. Equal moles of pertechnetate and SnCi} were reacted in alkali in the presence 
of excess sodium gluconate to form the Tc( V) complex, and after pH adjustment a second ligand, like 
cysteine, was added to the soiution.'^^' This procedure was used by Spies, Johannsen and Muenze in 
prepariaga large number of Tc(V) eomplexes (mostly dithiots).('^> Probably any labile complex of 
Tc(V) can be used in this way. 

There isonsavectofcomplexfermatiQnbydisplacemant: the formation of intermediate 
complasss, that is, of mixsd-ligand complexes. SueheomplmeshavebaenfiMtndinthereaetionsof 
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Tc(V) - polyol complexes. The addition of DTPA to an alkaline solution of the Tc(V) ethylene glycol 
complex produces no change in the visible absorption spectrum. However, on acidification (pH <6) the 
band near 900 nm disappears, and a new peak at 680 nm is seen.**** The change is reversible with 
change of pH No disproportionation is seen»although theTc(\0 - ethylene glycol complex in water 
rapidly forms Tc02 and Tc04~ on acidificatum. A more quantitative spectrophotometric study of the 
reaction between DTPA and the Te(V) - mannitol complex showed that one ETPA displaced one 
mannitol from the original complex At room temperature, the equilibrium constant for the 
consumption of one DTPA and the release of one maimitol was 188± 22.^"' The gluconate complex 
liehavad like tlia other polyhydric complexes. Glycine reacted like DTPA with the polyhydric 
complexes. 

This work was recently confirmed and extended by Linder, who reacted the crystalline sodium 

Tc( V) ethylene glycol complex with various amino-carboxylate ligands.'"*' One important question 
was settled, among others: the addition of an aminocarboxy late ligand to either Tc(V) glycol complex 
or ttw corresponding gluconate complex was by way of nitrogen-tediiMtiom bonds, and did not involve 
any carboqrlate gnmpa. 

One somewhat puzzling aspect of these mixed complexes is that while the ethylene glycol 
complex is formed iaattali and decomposes in quite dilute acid, and amine complexes would be 
expected to form more readily in alkali and also decompose (by protonation) in acid, the mixed 
complexes show no sign of formation (in water) except in acid solution. 

L Binding of T^V) Compounds to Plasma 

Dewai\jee and his co-woriurs studied the binding of various technetium compounds to human 
scrum albumin, using both sequential and equilibrium dialysis They prepared solutions with 
different concentrations of 99Tc chelates (with ddmTc as the tracer) and a fixed concentration of 
albumin. Equililwrium dialysis p rocee d ed from 4 ml of radioactive solution into 13 ml of N2-purged 
saline solution. Binding constants were calculated from a modified Scatchard plot. Two Tc(V) 
complexes were examined: Tc(V) glucoheptonate, and a dimercapto-succinate complex (which is 
probably a mixture of complexes).'**^ Parallel experiments with no-carrier-added d^mTc preparations 
showed that technetium was strongly adsorbed by the cellulose tubing in the absence of albumin 46% 
for the DMSA complex, and > 23% for the glucoheptonate. By adding enough albumin, they were able 
to reduce the adsorption to 12.5% and 6.3% respectively. With the glucoheptonate, in the absence of 
albumin, about 70% of the activity came through the membrane, the interior held 1.4''^:, and the 
tubing had adsorbed 29%. in the presence of albumin, the interior solution held 23%, adsorption on 
the walls was reduced to Wt, and 70% of the activity again caaa tltfough to the outside solution. The 
following question arises: If albumin does not penetrate the cellulose tubing, should not the outsideof 
the tubing show heavy adsorption of technetium - unless the chemical form of the technetium is 
changed? In any event, with tiie glneoheptonato eonplox one would oxpeet adsorption by any 
polyhydroxylic surface, like Sephedex or cellophane tubing An additional problem is that of labeling 
albumin with ssmXc ligand exchange. Glucoheptonate and gluconate complexes have been used for 
such a purpose;'™' this wiU bo discussed in mora datail in tha section on M"^^ Another 
problem, which arises in the case of maretpfeo Uganda, will be discussed below. 

Equilibrium dialysis measurements and gel filtration separations were carried out by 

Johannsen. Berber and Schomaeker'^" on a group of Tc(V) complexes at 20°C in 6 4"^ human serum 
albumin buffered by phosphate at pH 7.4. The results were reported as % bound technetium. There is 
no mention of adsorption of tedmetium by the memlNrane except fbr a no-carrier-added preparation of 
99mTc D.MSA Cysteine, thioglucosn and racomic DMSA showed 6, ITand 16°t binding toalbumin. 
Other preparations, including cysteine ethyl ester (49%), N-acetyi cysteine (84%) and meso DMSA 
(66%) showed greater binding. Thiolactate and dimercaptosuocinate dimethyl ester showed almost 
complete binding. The previous research had found the glucoheptonate complex to be bound to 
albumin to the extentof 29%. The present research found 85% of the technetium bound to the 
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albumin. In addition to the problem of labeling albumin wnth technetium by exehaags, there is ft 

second problem in the interpretation of both sets of results which comes from the presence of excess 
mercaptan-bearing ligands. Molecules like cysteine and DMSA are reducing agents, and will reduce 
pcoteins like albumin at the disulfide bonds This will fbnn free SH bonda on the albumiii, and 
provide sites for strongly binding technetium. The extent to which this may happen cannot be 
predicted at this stage. This question will also be treated in more detail m the section on ^f^c. 
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Technetium (IV) Compounds 



A. Ualide Com|>la3ws and Oxide of Te aV) 

Complexes of **Tc (IV) of radiopharmaceutical interest have been produced in the following 
ways: by the reaction of pertechnetate with a reducing agent in the presence of a ligand, by the 
cottlomatrie reduction of pertechnetate in the presence of a ligand, by ligand displacement reactions on 
hexahalide complexes of Tc (IV), and by reaction between a ligand and precipitated TcO, «H,0 after 
dissolution of the oxide in acid. 

1. Halide Complexes 

a. Preparatimi 

Three of the four hexahalide complexes of Tc (IV) have been used in syntheses of various Tc (iV) 
compounds by diaplaeement. lliebemflttorideanion,T^e''<isdiffbrentfroaidieoliierhexahalide 

complexes in that it resists hydrolysis, and undergoes substitution reactions with difTiculty. It has 
been prepared by reacting salts of TcCl or TcBr.*" with KHF^ in a melt.^*^ It has also been 
made by reaeting a haxabroaide salt with silver fluoride in coaoentrated HF: 

TcBr/- + 6Ag* + 6r-*«AfBr + TcF,*" ■»*" 

K ,TcCI^ can be prepared by prolonged heating of KTcO^ in concentrated HCl.""' A more rapid 

reduction takes place if either KI ""or H.PO is added to the acid. The added KI first 

produces a red crystalline precipitate, identified as K,(TcCl,OH). This dissolves with difficulty in 
conetntratad HCl to give K^TcCl,.**^ Itis alio poisibia to obtain an aqiio eomplaa from the hydroxo 
compound. 

K,TcBr^ha8 been made by repeatedly evaporating K ,Tc€l^ with concentrated HBr*"" or by the 
direct action ot cold concentrated HBr on a pertechnetate salt.'^^*' Salts of the Tct,'~ anion have bean 
prepared by repeatedly digesting a hexabromo salt with concentrated HI.'**" 

b. Physical • Charaieal Pkopartiea 

Alkali metal salts of the four halo-complexes, TcX^"', show cubic symmetry;("') some show 
secondary structural complications.^**'*^ as does the pseudo-halide tetraphenylarsonium hexakis 
(isothiocyanato)technetate (IV) dichloromcthane (l/l).'"* Their electronic spectra have been analyzed 
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in greatdc'tcul Their magnetic inoiiients at room temperature are close to the spin-only value ' 

for d' complexes- that is, 3.88 B.M.-but are generally higher than the theoretical value. ^*^' , 

The electronic conHguration of monomericTcdV) complexes would suggest that they would ' 

show a high degree orkinrtir inertia, like Crdll) compounds ^" However, it is well known that the I 

hexachloro and hexabromo complexes hydrolyze in water fairly rapidly, ultimately yielding a I 
precipitate of hydrated TcO{. 

A photochemical decomposition in aqueous acid solutionsof the hexachloro complex has been 
claimed to occur even in 6 N HCl. ^ ^ These photolytic reactions, which are induced by both UV j 

and visible light, uUirta'ely reach an equilibrium whose position depends on both the acid 

concentration and the light intensity. It was hypothesized that the first step in the reaction series was | 

the production of (TcClsOH^)' " , the pentaehloro-aquotechnetate (IV) complex, followed by the | 

formation of a di.iquotetrachloro complex After this step, cationic and neutral uniden'ifird prnducts 
appeared, ll was claimed that a salt of ( rcCl5(H2U)' ~ was separated by ion-exchange chromatography | 
from the starting compound and other products. It was also claimed that when a TcCIq' ' salt in | 
solution was kept in 'he dark its spectrum showed no change in time in HC! solutions whose 
concentrations were varied from 0.025M to 1 1 8M. This it* in contradiction with the paper by Boyd 
who reported that spectral changes were observed after 24 hours even in 3 M HCI.'^'i 

The aquation reactions of TcCl,' and TcBr^- ~ compounds were studied in the dark at TS* or 
higher for the chloro-complex and at 4V and higher for the bromo compound, in 4.0 molar solutions of 

chloride and bromide containing different proportions of acid and alkali metal cation.***' The 
reactions were believed to be simple substitution reactions: 

TcV + HjO = (TteX^HsO)'- + X- 

The kinetics were first-order, with half-lives of several hours or less. In the chloride system, it 

was possible to substitute lithium ions for hydronium ions between I M and 4M acid with no difTcrence 

in overall effects. However, the introduction of sodium or potassium ions markedly increased the 

extent of aquation. The spectrophotometric measuremenU showed two distinct species with an i 

isosbestic point. It was assumed that two species were in equilibrium: the hexahalide complex, and 

the pentahaloaquo complex. TcCl^* showed an absorption maximum at 340 nm; e 1 1,040 M ' cm ' 

and FTcCI-tH 0)|' ', at the same wavelength bad an absorptivity coedlcient of 6160. ForTcBr/' and 

[TcBr II 01 ', the maxi-mum was at 445 cm. The absorptivity coeflkients were 5720 M'^cm'^and 

3900 M cm ' respectively The species were separated from one another by ion-exchange 

chromatography As long as the total chloride concentration was greater than 3.V1, equilibrium was 

maintained. Below that concentration additional changes were observed in the spectra, which no 

longer showed an isosbestic point In this connection, the appearance of an isosbestic point in a series 

of spectra ot compounds, related to one another is a necessary but not sulTicicnt condition for the 

presence of only two species in equilibrium with each other The calculated equilibrium constants for 

the aquation reactions were: 1.25 at 75' and 1.39 at 90° (solvent 4M HCl) and 0.76 at 40" and 1. 14 at 

54.5" in4.\l HBr 

There have been additional studies of aquation of the hexachlorotechnetate (I V) and of 
the hexabromo-icchnetatedV).'"' However, there is not yet a complete detailed account of the 
hydrolysis of any hexahalotechnetatedV) toTcO, xH ,0. 

The hexuhalotcchnetates, particularly the chioro and bromo compounds, have been used in 
displacement reactions with various ligands in the synthesis of many Tc (IV) complexes. These 
preparations have Heen most successful when the\ were carried out in non-aqueous solvents If they 
are run in water there may be hydrolysis accompanying the displacement reaction with attendant 
complications (TcO, formation, mixed complex formation, etc.). In any solvent there is the peesibtlity 
of other complications: oxidation (by air) to a higher oxidation state, or reduction by the lii^ml to a 
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lower oxidation slate. There should be some independent verification of the valence of the technetium 
in the complex. It cannot be assumed that the ftnal oxidation state of the technetium in a compound is 
the (IV) state because one started with a Te (IV) hexahalocenate. 

2. Oxide of Tc 

a. Pteparatieo 

Hydrated TcO^ (TcO, ■ xH 0) has also been used in tiie synthesis oTTe (IV) compounds. The 
oxide has been prepared by the electrolytic reduction of pertechnetate in alkaline solution, by the 
reduction of pertechnetate using zinc in HCl by the action of hydrazine on pertechnetate or by 
the hydrolysis of K^TcCI^^ and K^TcBr^. However, there are no standardheed and univcnally 
accepted methods of synthesizing TcO xH^O. Thus, Nelson. Boyd, and Smith reported that the 
reduction of pertechnetate by zinc in itCl to hydrated TcO^ was quantitative.^^' However, Schwoeliau 
and Herr maintained that in this reduction some 20% of the technetium was reduced to metal. 
They preferred to prepare the oxide by hydrolyiisof the liexaehloro complex. On the other hand. 
Colton and Tomkins reported that a purer product was obtained from the hydrolysis of the hexaiodo 
compound, because too much cationic impurity was tneorporated in the product of hexaehlorO' 
technetate hydrolysis. 

Solid anhydrous TcO,, like ReO^. has the MoO, or rutile structure. It is weakly paramagnetic. 

b. Physical - Chemical Propertioi 

The behavior ofhydrated TcO.^ in water is not well understood. An early report said that it did 
not deposit (electrolytically) on platinum from 2M NaOH containing 10 *M pertechnetate, butdidso 
from 10 *M solution.^'*" This may have been due in pari to complex formation in -..ne alkiline 
solution, since TcO^ has been reported to dissolve in concentrated NaOH. forming an orange complex 
(with absorption at 410nm) TcOj was found to dissolve to a limited extent in hot 6M NaOH. the 
solution was light orange in color, with an absorption maximum at 485 nm. It was also possible to 
produce a solution of Tc (IV) in 20 M NaOH by the reduction of pertechnetate by SnCl,.^'^^' The 
absorption maximum of this solution was near 490 nm. Boyd et al reported that whereas the reduction 
of pertechnetate to TcO, by zinc in HCl was quantitative within a little more than one hour, reduction 
by sine in 2M NeOH (i.e. the appearance of precipitate) was very much slower in spite of the more 
negative reduction potential of the zinc.'"'* TIlis is consistent with tlie formation «f a soluble anionic 
polyhydroxy complex of technetium. 

The condition of TcO • xH ,0 in aqueous solution was investigated by Gorski and Koch This 
material was prepared by the hydrazine reduction of pertechnetate, and was subsequently dissolved or 
dispersed in dilute perehlorie acid. Tlie concentration oftechnetium was not given. They measured its 
electrical mobility through a column of sea sand, in perchloric acid solutions whose pH ranged from 1 
to 2.5. Above pH 2.3 there was virtually no motion of the technetium in the field, suggesting that the 
charge was sere. The mobility at pH 1 .3 was roughly twice that at pH 2.2 (that is, it dec r e as ed slwrply 

in that interval) and decreased sharply again after p({ 2 2 From this it was concluded tliat hydrolysis 
was taking place in two steps, for which equilibrium constants were calculated: 

TcO** H,0 s TeO(OH) + H' ,K^ 0.043 moi/L 

TcO(OH)'* + H,0 = TcO(OH)j+ H*: K = 0.0037 m 

Noll, Seifert and Muenae studied the electrophoresis of TcO, xH,0 dissolved initially in IM 
HCIO,. *"* Their apparatus was somewhat more conventional than that of Gorslii and Koch, and they 

used small glass spheres in place of sea sand They were unable to reproduce the results reported by 
Gorski and Koch. They concluded that the reported hydroly tic equilibria did not exist, at least on the 
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basis of •laetraphoretie and pH-titrimetrie mMsuranents. Dialyiit nwaauraincnts showed that there 
was colloidal matter present in solution until addities of the order of IM or higher in HCIO^ were 

reached. 

Sundrchagcn attempted to repeat the Gorski and Koch experiment in an apparatus similar to 
theirs, but reported no success.'^^' He observed electrophoretic migration of technetium which 
changed sign in time (and possibly oxidation state as well). He enalyaed possible equilibria in 
dispersed or dissolved TcO,, xH ,0 in HCIO^ by spectrophotometry, measuring the absorbance of 
solutions at 210 nm and at 250 nm in 0.028M HCIO^ with added NaClO^ to maintain constant ionic 
strengUL He assumed that there was a monomer TeCKOH),, a dimer (TeCXOH),),. and a protonated 
monomer, TcO(OHV * He further assumed that at higher technetium concentrations ( > 10"'M), only 
the dimer was present. On this basis he used a chi-square error-minimizing computer program for 
calculating a dimerisation constant (314 x 10~*M''^ ), a dissociation constant for the protonated form 
(9.3 X 10" 'M), and the molar absorptivity coefTicienls of the three hv-pothesized species However, from 
the work of Noll et al,'^^' ' one would have expected colloid formation in these solutions, and this would 
have increased the absorbance of solutions because of 1 ight scattering, especia II y at the higher 
technetium concentration and the shorter wave-length in the UV. In addition, the choice of 210 nm as 
a wavelength for absorbance measurements was arbitrary, since there was no observable peak at this 
wavelength In O.CKSM or 0.028H HCH)^. Finally, there was no independent chemical or physical basis 
for identifying the hypothesized species, and the fitting of data points to the hypothesis does not in 
itself mean that the calculated quantities represent real properties of real chemical species. 

There is possible confirmation of the hydrolysis mechanism of Gorski and Koch in the work of 
Owunwanne et al.*^^' These workers studied the exchange reactions between TcO^ in HCIO^ aiKi Sr 
(ClO^), on a cation-exchange resin, and measured the distribution of the technetium species as a 
function of Sr (ClO^)^ and acid concentrations. A plot of the log of the distribution coefficient (defined 
as the ratio of activity in Ig dry resin /activity in Ig solution) against pH gave a 2.18 slope in the pii 
interval 11 to about 2.0. This was interpreted as a charge of 2'*' on the technetium (assuming that the 
^eeies in solution was the same as that on the resin). A similar plot against the logof theSn(ClO^), 
concentration showed a 0.98 slope; this was interpreted to mean that the charge on the stannous ion 
was the same as the charge on the technetium. However, according to Gorski and Koch, from pH 2.3 
to pH 1 or so, the charge on the dissolved technetium should increase fifom 0 to 2'*' . There is no 
indication of charge variation in that pH interval in the ion-exchange work. That is, the slope of the 
curve of the log of the distribution coefficient against pH should be changing drastically in that pH 
interval, ltdeeenot do so. There is a minor problem with the lon-eaehange work itself It was 
implicitly assumed that the species on the resin was the same as the species in solution They useda 
standard Zr (IV) exchange, in their work. However, it has been hypothesized that there is more 
hydrolysn of zirconium in the resin phase than in solution."** 

A solvent extraction method of determining the nature of TcO^ in aqueous solution was 
developed by (Suennec and Quilaumont.'^" However, the percent ef extracted Te (IV) (extracted as 
a complex) was small. 

e. SolubiUtyefTcO, xH,0 

Any knowledge of the behavior of TcO, in aqueous solutions must ultimately depend on well- 
established determinations of its seloUHty in water and in dilute aeid and alkaline solutions. An 
extensive research on the solubility ofTcO,, in various aqueous solutions was undertaker Hy Meyer et 
al at the Oak Ridge National Laboratory. They prepared the oxide either by the electroreduction of 
pertechnetate on platinum, or by the reduction of perteehnetate by hydrasine. They also precipitated 
TcOj from pertechnetate-hydrazine mixtures onto purified sand. Solubilities were determined by 
measuring the beta activity of ""Tc in solutions which had been in contact with the solid oxide, and had 
been re-cireulated or stirred. Oxygen was removed from these solutions by displacement with argon 
gas. Nevertheless, pertedmetate was found in varying amounts in all samples. It was quantitatively 
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determined by extraction with tetraphenylarsonium chloride in chloroform. Tc (IV) in solution was 
determined by beta counting after removal of any pertechnetate. The pH was varied from 0 to 10. In 
the pH interval 4 to 10 the solubility of TcO, ranged from 8.8 x 10 * to 9.4xlO"''M, but most values fell 
between 1 x lO'^'M and 2 x 10~'M. The reported solubilities were limiting values after exposures to 
thtaqiuoiiBioliitioiuofttp to 300 hours. 

In more acid solutions the measured solubility depended at least in part on the source of the 
TeO^. There was a sharp rise in solubility with decreasing pH. The measured values, however, varied 
considerably. At pH zero, solubilities from 10~^M to 10~*M were found, depending on the oxide source. 
Cycling a given oxide sample from add to alkali did not change the alkaline solubility values much, 
but bringing them back to the acid side changed the solubility greatly. vmiOj la adeereasing 
direction. It was l^lKiUMaised that thaeelidTd),.xH20wa8 changing stn^^ 
cycling process. 

Meyer et al assumed that in the pH interval from 4 to 10 the dissolved Tc (TV) was uncharged, 
but that the increase in solubility in more acid solutions was probably due to the formation of cationic 
ipedae(lbreRanple.rtteO(m)1*^. Hewever.llieralaanotberiMMiibleexplaiiation: radioeolleid 
formation. Early in the history of radiochemistry a number of radioactive nuclides in aqueous solution 
exhibited colloidal bebavior-filterability, lowered diffusion coefficients, anomalous adsorption on solid 
sufftcas-ateeaeentratieae ftr heUm those predicted firom solublKty product constants, tut the onset of 
precipitation, and hence of colloid formation. The phenomenon has been attributed to 

adsorption on oolloidal impurities in the water, as well as to the formation of true colloids. This led to 
a critlca] ra-exassiaation of the sdlaUItty pcednet detenalnatieas rfwater^-insolulde salts and 
hydroxides by Haissinsky"** *** He found that different solubility determinations of insoluble 
halides, carbonates, sulfates and other salts were in fair agreement However, in the case of insoluble 
sulfides aadhydrorides there ware very targe dtffhrwKes in reported solubilities for 
sample of a given compound, depending (perhaps) on age, history, prior treatments, etc. Measured 
solubilities differed from one another by orders of magnitude for the same oompoimd. This led to his 
conclusion that **eae is dealing with polydisporaed qratens containing iena holh simple and eemplex, 
and colloidal micelles of various dimensions in a slow state of evolution. The ordinary principles sf 
solubility and solubility product are not anplicable."^ This nay well an>ly to TcO, in water, 
especially in ndldly add solution. 

B. Polyhydroxy and Hydroxy- Acid Complexes of Te (IV) 
1. Bthytona Glycol 

In 1977 it was reported fliat K,TcBr^ alkaline isopropanol solution reacted with eQqrlana 

glycol or glycerol to form a violet complex.'*"' A similar color wa.s developed if NH^TcO^ was reduced 
by SnClg in aqueous solution in the presence of glycerol. The molar absorptivity for the glycerol 
complex was 00 If^em'*, and that Ibr the ethylene glycol system was 50 M~ Wi'S bo^ with 
absorption maxima at 510 nm. Acidification ofthe aqueous solutions produced TcO^. Auxiliary 
measurements, including electnq;>horesis, pH -titrations and distribution studies with labeled glycerol 
led to tiia condiwdo n tiiat the prenuned Tc (IV)-glycerol complex was anionic, was composed of two 
^yeerollisukdiparTeatom,andcaRiadachargicf-2. 

The spectrophotometric results reported for the aqueous solutions, and the formation of TcO, on 
acidification are very much like those reported by Steigman etal for the lower polyol and 
polyhydroxylic-acid complexes of technetium. However, this group had shown that the complexes 
were Tc (V) compounds and that the TcO formed on acidification was due to the disproportionation of 
Te(V) complexes rather than the simple nydrolysis of a weak Tc (IV)- glycerol complex. This 
suggested that the reaction observed between Kj^TcBr^ and glycerol in isopropanol was not a simple 
displacement but may have been caused by air oxidation to Tc (V). It was found thai bubbling 
nltrogan tfannii^ a Mdution of glycerol in isepnpand and then addii« K,TleBr, to the tolutiott did net 
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produM any color change, botcn expoaure to air a i^k-violot color slowly dovoloped.'"**' Raeently 

this conclusion has been reinforced by the synthesis of technetium (IV) alcoholate complexes by 
Alberto et al.'^*" These workers reacted K^TcBr, with potassium methoxide in methanol obtaining 
the pale green K^Tc (OCH,) . In turn this compound was reacted with ethylene glycol and with 1,2,4 
butanetriol; the two polyhyaroxy complexes were colorless. Each complex in solution fCII^OH') showed 
an absorption band in the U V, near 270 nm. The methoxide complex on exposure to air turned red 
bafera final oiddation to perteehnetate. The two polyhydroxy complasas ware not aixaminad in thb 
way. 

2. Citrate 

It was reported in the Tc (V) section that a 3.4 x IO~*M solution of perteehnetate in 0.4M citrate 
at pH 7 undergoes a rapid redurtion to theTfc (V) state when SnCl, (2 x 10'*M) is added.'"" Thara ia a 
much slower subsequent reduction to Tc (IV) from Tc (V) in this particular solution (initial ratioof So/ 
Tc = 6). The slow step required several hours at room temperatiure for its completion. No 
spectrophotometric measurements were earned out on the final solution, but no color development 
was noted. 

Muenze and Grossman reacted K^TcBr^ with citrate in water at pH T.""" They found some 
TeO,, and some compounds which appeared to be interconvertible during pH titrations. The initial 
reagent concentrations were 2 88 x 10 "*M K^TcBr^and 9.65 x 10"'M citrate. One of the products had 
adeep violet color. It was crystalized from methanol. Its molecular weight was in the range 721-750. 
It was believed to be K^[Tc(OH),(cit)^] . H^O; here the symbol cit stands for the citrate anion, with a -4 
charge. Its equivalent conductivity at 25' was 142 ohm~'cm"'vol"' This is, however, difficult to 
interpret in structural terms, since on the one hand the conductivity of an anion with a -6 charge 
would be very high, and at the samo time a -6 charge would lead to a vary high degree of ion-pair 
formation. A similar synthesis was carried out later with larger quantities of reagents. 
K TcBr^ was added to citric acid in water, and the pH was raised to 6 with NaOH. A red-brown 
solution was formed which turned deep violet after several hours of heating. Black- violet crystals 
were fmally obtained Chromatography of an aqueous solution of this material was carried out with 
water on Sephadex G- 10 , yielding a brown substance in the void volume ( a polymer) . Its basic 
formula was Na^Te (OH), (dt). Thevioleteompoundwaseluted after the brown. Its molecular weight, 
determined by osmometer, was 1680. The IR spectrum showed no Tc-OH or Tc = 0 bands (at lOOO- 
1200 and 900-1.000 cm~' respectively), but it did have bands at 724 and 486 cm ~S which were 
attritNitsdtobentT6-0-Tc bonds.^ The formula ofthesoHd was given as NiLTe,0,(dt) 10H,O 

The magnetic moment was 1 2 B M , far below the 3 88 spin only value fOT acroctahsdralapecies.'^ 
An A.C. polarogram showed three consecutive reversible electron steps: 

X»- + e = X»»-; + e « X""; + e = 

The <toep violet color was virtually disehargad by the addition of SnCl. and was restored whan 

iodine was subsequently added to the solution. This was interpreted as a reciuction to Tc i TII)-cltrata, 
and re<K>xidation to the violet Tc (IV) complex.""* A polarographic study of the reduction of 
perteehnetate by Sn (II) in the prese n ce of dtrate was carried out over the pH interval 2.06 to 9.90."*" 

There were two complicated reduction waves. AC polarography showed that there were at least four 
electrode reactions. Contrary to the earlier cited reaction between K,TcBr. and citrate which yielded 
a deep violet compound, the reduction of Tc (V) in dtrate gave a colorless solution. Moenza and 

Hoffman later conf.rmed the absence of a deep violet color in the reduction of perteehnetate by exoess 
Sn (U) in the presence of citrate,'"*' in agreement with the earlier finding by Steigman et al. 

The deep violet compound resulting from the reaction of K.TcBr with citrate in water has alow 
magnetic moment (1 BM).''*^' This contrasts with the behavior ot Tc (I v) dtrate formed by the 
reaction of pertaduiatata with axeees Sn OD in a dtrate buffor atpH 7.*"" Tha augmtie nMHwnt in 
this case was measured by Evans* method, using the proton NMR shift of t-hutanol in D,0 solution in 
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the presence of paramagnetic substances.'"" The Tc (I V)-citratc complex showed the same 
displacement per mole of technetium as Na,TcCL in concentrated HCl. The latter shift was taken as 
the displaeeinent to be expected from ■ 4p technetium. In contrast. Tc (V) citrate pnidueed practically 
no shift It can be concluded that the Tc (IV) citrate complex which is produced by the Sn (II) reduction 
of pertechnetate in a pH*7 citrate buffer is not a linear technetium dimer or a linear -Tc-O-Tc-type of 
polymer ainee such * stnieture would mritedly diminish or eliminate any oi^netie moment, aa it 
does with tho eoriesponding Ra (IV) eompounda.""* 

3. Carboxylic Acids 

Grossman and Muense studied the reaction of K^TcBr^ with various carboxylic and 
hydroxycarboxy lie adds in wator.^ They used spectrophotometry, electrophoresis, and 
chromatography. They found that in the presence of unsubstituted di-and tricarboxylic acids the 
TcBr,* ~ anion simply hydroiyzed to TcO^. The acids included succinic, glutaric. aconitic and 
tricaihallylic. Wth hydroxy adds like tartaric, malic and gammahydroxybutyrtc, brown to red-violat 
colors appeared, the relative yields depending on the Tc/ligand mole ratio. Brown components, as with 
citric acid as li|^nd,'^'" appeared in the void volume of a Sephadex G-10 column elution. followed by 
the red- violet species. Again, as with citric acid these brown and violet substances were not formed by 
tha reduction of pertechnetate in the prasmee of the various ligssuls. 

The possibility must be considered that the use of K^TcBr, in water as a source of Tc (IV) 
complexes may be accompanied by partial hydrolysis and polymerization, with peptization or partial 
complex formation with the desired ligand. The oxidation state may be difficult to define-there may be 
both Tc (IV) and Tc (V) present in a small colloidal particle, stabilized by the ligand. 

C. Aminocarboxylate Complexes of Tc (IV) 

The first synthesis of a Tc (IVV aminocarboxylate complex was reported by Ziolkowski ct al *'"* 
A previous paper had described the syntheses of a number of Re (IV) complexes, including an EDTA 
complex. The rhenium complex served as a carrier for the technetium complex, with the result 
that the mixed complex had both elements in compounds like K,{[Ra»Te] O (OH), (EDTA).^ Their 
proportions depended on the solubility characteristicaof the pure Compounds, OS well as on the ratio of 
the two elements in solution. 

The next published account of Tc MV) aminocarboxylate complexes came from Gorski and 
Koch.^*"' They prepared solutions (or dispersions) of TcO,. xH^O in HClO^at pH 1.5-2, and studied 
the distribution of technetium between a cation-exchanga sulfonate rasin and solutions containing 
aminocarboxylate ligands. Those included EDTA. NTA and 1.2-diamioocyelohexanatetraaceticacid 
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(DATA) The last system was also studied by electrophoresis. The a sumption was made that reactiOQ 
occurred between a (TcOiOH)) ^ * cation and the fully deprotonated ammo carboxylate moiety. 
Stability emstanto ww calculated according to the mettiods of Schubert and Pronaeua.*^ Tha 
NTA concentration ranges were recorded 0.9 x 10"*to5.0x 10 *MatpH 1.5 and 3 3 x 10"' to 10.0x 
lO'^M at pH 2. The concentrations of the other Uganda and of the bechnetium were not given. 

The methods of Schubert and of Fronaeus are well established, and the formation constants 
reported by Gorski and Koch reiveeant the magnitude of values one might expect from the behavior of 
similar complexes. However, the actual existence in solution of the assumed cation (TcO(OH ))' * and 
its calculated concentration, as well as its mode ofinteraction with a cation-exchange resin are not 
established. The objections raised by Muenie and by Sundrehagen to the characterisation of TcO, ■ x 
H,0 of unknown concentration dissolved or dispersed in dilute perchloric acid apply hers as wall. 

For the record, the given formatimi constants ara: 

1. (TcO(OH)-NTA)*- log = 13.8, log K„« 25.7 

2. (TcO(OH) EDTA)'- logK,= 19.1 

3. (TcO(OH)-OATA)'- log K = 20.7 or 20.S 

Steigman, Meinken and Richards performed a direct potentlometric titrationof 4X lO'^M 
TcO^ in 0 4M DTPA at pH 4 with SnCl They found an electron number of 3.5 at room 
temperature, at 60" and at 90°. Since the rate of some possible slow step in the reduction at room 
temperature would have been speeded up almost lOOfold at 90°, it was conclttdad that an aqui- molar 
mixture of Tc (IV) and Tc (III) had been formed in the direct titration They suggested thata dimerof 
technetium in the two oxidation states was the product of the reaction. With excess Sn (II), the 
technetium was entirely in tha (III) state. Because all raactisns ware run under a nitrogen blanket, ths 
staUlity of either of these spedas to air is not known. 

Noll. Seifert and Muenae r«Mted K^TcBr, with nitriktriacetie add (NTA) in dilula aqueous 

HBr. They obtained two different species alter separation: a red solid, which they described as 
(TcO(NTA),i 2H,0, and a brown compound, which they believed was K,H [Tc,0^(OH)^(NTA),). Since 
both compotinds were diamagnetie it was eoncludsd that each was at least mmene in technetiura. The 
red compound which had IR bands at 715 and 553 cm'', was described as a binuclear oxygen bridged 
Tc compound. The direct reduction by SnCl, of pertechnetate in a solution of NTA was characterized 
by a rapid consumption of 1.5 moles of Sn (ID per mole of technetium, formation of the red compound, 
and a slower reduction step consuming an additional 0 5 mole of Sn fll) per mole of technetium, 
presumably yielding a Tc (III) compound. This was readily air -oxidized to a red compound, which had 
the same visible absorption spectrum as tha original product (bands at 500 nm and at 502 nm). 
Analysis by direct oxidation with a eerie salt was not In&rmative, since the carboxylic add groupa 
were oxidized along with the technetium. 



The same group carried out a more detailed and comprehensive investigation of the reactions of 
aqueous K ,TcBr^ with monoamine- and polyaminopolycarboxylic acids, together with the reactions of 
the same ligands in the presence of pcrtrchnctatc which was reduced by SnCl,, *"* They found a large 
number of both colored and colorless complexes of EDTA, NTA and DTPA with reduced technetium. 
Yellow, brown, red and purple species were formed with either K^TcBr^ or in the reduction system. 
The products were affected by pH. reagent concentration, etc. In the range of pH 2 all Tc complexes 
with DTPA, EDTA. HEDTA. NTA, IDA and EHIDA were anionic, and the mobilities increased with 
increasing pH. NoTe (V) conq»laxes ware formed in their experiments, unlike the results reported 
elsewhere.' They did notobosrve any stable colored Tc (til) spedes. 
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HOOCCHa CH2COOH CH2COOH CH2COOH 

\ \ / IDA / 

PTpA yJCH2CH2NCH2CH2N^ HN 

HOOCCH2 CH2COOH CH2COOH 



HOCH2CH2 CH2COOH CH2COOH 
JCH2CH2N HOCHiN^ 



HEDTA 

HOOCCH2 CH2COOH EHIOA ^ 



H2COOH 

Blauenstein et al reduced pertechnetate with various reductanU-(SnCl,, tin metal and SO^) in 
the prsMnee of • number of erainoeerboxylk acid Ugands in water.'*^ The ligands ineluded NTA, 
EDTA, DTPA and IDA. During the reduction of pertechnetate in EDTA solution a colorless 
intermediate was formed which they believed to be a Tc (IV) complex. Technetium in solutions of the 
other liganda appe ar ed to go directly to the final com|4ex, wrhich they thought waa a Te (IV> compound 
in each case, including EDTA In a later paper Burgi et al prepared a crystalline Tc-EDTA complex, 
following reduction of pertechnetate with SO..'*'^ Analysis of the red-brown crystals pointed to a 
mono-hydrate (TdHjEDTAK)),! 9H,0. but tne structural analysis suggested a pentahydrate. The 
oxidation state of the technetium was difTicult to determine It could have been To (III) with u-OH 
groups, or Tc 11 V) with u-oxo groups. The authors preferred the (IV) formula. The compound was 
diamagnetic, and the Tc-Te distances were small enough to suggest metal to metal bonding. A relatod 
group reported the crystal structure of Na, [(NTA1 Tc l u-O)^Tc(NTA)] . 6H,0 whose composition 
resembiM that of the EDTA complex. Again there was some uncertainty about the oxidation state 
of the teehmtiiim. Two cryetalline NTA eomplean wan toelated'Oiie firom low pH aolutiom end the 
other from neutral or slightly alkaline solutieoa. Both were diamagnetic. 

Packard et al isolated a green solid from reacting (NHJ^ TcCl^ with Na^H^ EDTA in 
methanol. The solid, which was not too soluble in water, was analyzed and appeared to be (Tc(OH), 
(H^EDTA)! ■ 2H.p In water the green compounds turned yellow and then red. The red product formed 
a calcium salt with the composUion Ca^ITCjCO), (EDTA),) AH fi. From its IR spectrum it appeared to 
be a diouHliridged teehMtium compound. 

A large part of the complexities which are evident in this class of compounds was cleared up by 
the recent workofLinder on various aminocarboxylate complexes of technetium.^* The complexities 

arise from two Factors: the presence of dimers with the technetium in one or both of two oxidation 
states, and the formation of hydrolyzed dimenc species. (NH^I TcCl_. in an alcohol medium was 
reacted with N'a,EDTA under nitrogen, and a yellow-green solid was isolated. This was(HEDTA)-Te- 
0-Tc (HEDTA), which had the same structure, analy^iis. and physical properties as the vellow-green 
compound prepared by the reaclion of SO^ reduced llTcO^ in the presence of Na,ED 1 A and then 
oxidized Phis ^reen compound in turn hydrolyafld (in dilute EDTA solution) to form (iH^EDTAlTelu- 
O) ,Tc(H^EDT,^ I] The color changed from green to brown to muddy pink, and the absorption spectrum 
maxima shifted from 362 nm le = 3.5X 10*M cm ') and 622 nm (e = 450M ~'cm ')to502nm 
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(es4200 M 'cm' ^). Thus the technetium in some of the previous rspsrts is a Tc (IV, IV) dimer. Linder 
found further that the reduction of pertechnetate by SO in the presence of EDT A is complicated A 
gold-colored solution is formed, which is then oxidized. If this is done rapidly with H in acid, the 
green monoHHWcompHuid is obtained. If it is den* slowly, the muddy pink hydrelysu product is 
formed. A new Hgend-1,4,7 triasaeyelenen«ne-N,N,N triecetete (symbol TCTA). -N N' 

TCTA N.N'MeaEODA 
HOOCCH^ ^ CHKOOH ^^^^^ 

J* fC \ / 



C.J 



NCH2CH2N 

iH2COOH H3C CH3 



/ 



dimethylethylenediamine-N,N -diacetic acid(N,N Me EDDA) and NTA were used to prepare 
technetium bis (u-oxo) dimers for study. Their general formula was [(N )] Tc (u 0) Tc(N_0^ _))° 
(x= 1 to 3). They were prepared by the reduction of pertechnetateby Nal{S6^ in aqueous solulior.:^ of 
the ligends, or by the reduction of the Tc (V) complex [TcO(EDTA)],, which in turn was prepared from 
a quaternary ammonium salt of the TcOCl^ " anion and EDTA in an organic solvent. In the bisulfite 
reduction the gold compounds appeared first. It was believed that they are Tc (111,111) dimers, but they 
have not yet been characterized. They form theTc (IV,IV) dimers on oxidation. The TCTA complex 
could not be synthesized in this way. Instead it was made by oxidation from TcdII,! V) dimer which in 
turn had been prepared by the reduction of a Tc (V) mixed complex of ethylene glycol and TCTA. 

The new Tc (IV. IV) dimers rc?!emh!e each other, and all show strong absorption band.s in the 
500-520 nm interval, and weaker ones near 600 nm. They are all diamagnetic. In the pH interval 1-4 
they showed reduction in t-electron steps by polarogrsphy. The NTA dimer, N8,(( NTA) Te(u-0),Tc 
(NTA)| reacted with N'nOH above pH 10 to form a purple complex, listed by Noll et a! among other 
colored species found by them. On closer examination, when the NTA complex was dissolved in water 
end the 1^ wes adjusted above 8 it reacted slowly, taking up 2 moles of bese, and the product appeared 
to contain 2 moles of hydroxyl per mole of technetium The change was readily reversed by acid. A 
barium salt of the basic form was isolated: Bai(NTA)(OH)Tc(u-0) Jc(OH)(NTA) j. The Raman 
Spectrum showed a Tc-O-Tc stretch and a Tc-o stretch, suggesting that a TcO^Te ring was 
maintained. In strong base (up to M \aOH) a deep blue product was formed by all the Tc 1 III, IV) 
dimers. The chemistry of these systems is obviously complicated, and has not yet been completely 
worked out. "It would appear that the formation of bis (u<oxo> dimers ofTc (I V> is a dominant theme in 
technetium aminocarboxylate chemistry " '^*' The (hydrol vzed) pink forms show peaks at or near 500 
nm, and the Raman spectra show TcO^Tc bridges. On reduction with hydrazine they undergo a 
reversible l-electnn reduction, to give deep blue dimers (probably Tc (III,IV)). On further reduction 
they may go to the gold compounds; this is not yet dear. 
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D. Tkbl Complexei of Te (IV) 

1. Cysteine 

The chemistry of thiol and dithiol complexes of Tc (IV) is in a poorly defined state, in contrast to 
the well^eharaeterized ehemiatry of Te (V)«<iithiotatea and mixed S-0 or S-fi compleKee. Johannsan at 

al prepared various technetium complexes containing cysteine and cysteine derivatives The 
preceding chapter described yellow Tc (V) thiol and dithiol complexes. In the present work, more 
extensive reduction of pertaehnetate by excess cysteine or the displacement of bromide ions from 
TcBr^*" by cysteine (in water) gave red and green complexes which were purified by Sephadex gel 
chromatography. The absorption band maximum of the red material was at 540 nm (c = 260 M ~ 'cm ' ^) 
and that of this green complex was at 620 nm (e b 480 M em There was also a fraction wliich 
emerged in the void volume of the column, and hence was probably polymeric or colloidal. The various 
cysteine derivatives yielded only green products. On electrophoresis the green cysteine complex 
(baiievMl to bt aTedID eanpound) iras negatively charged down to pH 2, and changed charge in more 
addsoltitiotw. 

2. Penicillamine 

Penicillamine complexes of technetium were investigated by Yokoyama and Horiuchi.^"-^'" 
They studied the effects of pH, of SnCL and of pertechnetate concentrations on the properties of the 
piroducts. In addition to polymers and TcO^, they found two principal products. When the SnCl, 
eoneentration was only slightly in excess relative to pertechnetate (1.71) at pH 5-6, they found a 
yellow compound (absorbance maximum at 420nm, c = 4600 M~'cm~'). Virtually the same spectrum 
was obtained when a TcCl^'' salt was reacted with penicillamine in water. It was therefore concluded 
that a monomeric Tc (IV) complex had been formed in each case, with this probable composition: (TcO 
(pen) )''~ where pen refers to the di-anion of penicillamine). At pH 1.5 with a larger excess of SnCl, 
(Sn-Tc ratio > 31) a complex was formed with a band maximum at 486 nm (c = 6,000 M~'cm~^). On 
Sephadex gel filtration this complex was eluted before the yellow compound It was therefore assumed 
to have a higher molecular weight, with the following structure PenTcO(0,J TcO Pen. The same 
product was formed when the reaction product ofTcCl,*" and penicillamine was treated with SnCljAt 
pH 0.5. The effea of the added SnCI^ was believed to be participation in the hydrolysis of Tc U V). 

CM) (Pen)/- ^ 2 OH- TeO,.x K,0 4- 2 Pen 

An equilibrium constant for the decomposition of the complex was set forth which in an earlier 
publication had been evaluated in terma of the formation eooatant of the eomplex and the hydrolysis 
constant of the TcO^'cation'*'*' However, since the latter constant was based on the work of (Jorski 
and Koch. which was not duplicated by other laboratories, it was decided not to examine those 
calculationt fivther. In the reported kinetics of fbroation of the dimer, the foHowing equation was 
used. 

dfDcontnlaxl . kiTci^iPeai^ 
dt 

However, this does not prove th^t the complex isadimer. The probability (rfa four-body collision is 
extremely small, and the products were not identified. 

There is a possible different explanation for the chemistry of the technetium penicillamine 
system. If there was air oxidation of the product of reaction between TcCI«'' and the ligand, forming a 
yellow Td V) complex, and if the latter is fairly stable, then excess SnCI? would reduce this yellow 
compound to aTc(IV) complex, rather than a dimer. This explanation is consistent with the fact that 
the spectrum of a penicillamine complex prepared by displacement of a TcOCl^ ' salt (i.e. a Tc (V) salt) 
Is identical with that of the momomer eomplex mentioned above.'"" Either the reported Te < V) 

complex (from TcOCl ) had been reduced to a Tc !IV') comiple\ hv e.vces.s pK'n icil lamine, or the reported 
Tc (IV) complex (from TcCl,' ) had been air-oxidized to the Tc (V) compound, or both Tc (V) and Tc (IV) 
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in penidUamim have identical electronk orbitals. In this connection, the yellow absorption band of 
the monomer complex has virtually the same absorption maximum and the same molar absorptivity 
coefllcient as a Tc (V) cysteine complex. A personal oral communication to one of us maintained 
that the TbdWpanieillaiiiiiie complex ia extremely niaoeptibte to air-oxidatiMi.'*"' 

3. Dimercaptosuccinate (DMSA) 

Complicated reactions have been reported for the dimercaptosuccinate (DMSA) complexes ofTc 
(IV). Ikeda et al found that an incomplete reduction of pertechnetate by SnCI^ produced a yellow 
complex (Complex I) with an absorption maximum at 390 nm.""*'^'^' In alkaline solution the peak 
shiAed to 420 nm (Complex III). Addition of excess SnCl in acid produced a purple complex with the 
absorption maximum at 520 nm (complex 11) which in alkali formed either TcO, (to pH7) or another 
complex whoee peak absorption was at 450 an (Comfrfex IV). A radiometric titration of pertechnetate 
in DMSA solution with SnCl , showed an end point consistent with the formation of Tc (IV) (Complex 
I). From this it was reasoned that Complex 11 was a Tc (III) Complex, since it was produced by the 
action of cxeeas SnCl,. In passing, it was noted that Complex II was almost completely adsorbed by • 
Biogel P 2 column, wliereas Complex I was successfully eluted with 0 01 M DMSA at pH 2. Complex 11 
is the only technetium complex to date which is almost entirely taken up by a Biogel (Polyacry lamide) 
column, and appears to resist elution by ligand solutions. 

There was no consideration of the possibility that in solution with insufncientSnCl2 an 
extremely stable Te( V)-DMSA complex might form (stable here means stable against dissociation). 

This is one of many dithiol complexes ofTc(V) with 5-mcmbered rings and a Tc = 0 apical bond which 
were prepared and examined by Johannsen et al and were described in the previous chapter. The 
'WVi-UiiSA complex reported there abaorbed strongly at 410 nm for the racemie (d.l) form, and at 418 
nm for the meso form. It appears, however, that the DMSA-SnCl ,-TcO^ system is more complicated. 
First, the absorption maximum of Complex I is at 390 nm, whereas the Tc (V) complex (not prepared 
with SnCl,) has its maximum at 410 nm. Secondly, Vanlic-Razumenie et al studied the 
dimercapto-propanesulfnnatc complexes of technetium, which are similar to those of DMSA, and found 
that while reduction of pertechnetate by the ligand itself and the preparation of a Tc (V) complex by 
ligand exchange with Tc(V)-gluconate gave the same complex with the same absorption maximum 
(400nm, c = 2900 M ' 'cm '), the reduction of TCO4' by excess SnCl2 (SntTcsSD gave a yellow product 
with a spectrum different from that of the other two preparations. 

Johannsen et al prepared two technetium complexes of DMSA which were believed to contain 
Tc (IV) The material prepared by SnCl., reduction, yellow-violet in color, had two components, 
which were separated by gel chromatography on SepharoseOB. A quickly eluted brown fraction 
showed a sharply rising light absorption below 340 nm. A later fraction, violet in color, had ahi^ 
constant absorption from 380 nm to 5 1 0 nm. The m^jor part of either component did not move on 
electrophoresis. A displacement reaction run with DMSA on a TcBr^*' salt in water produced a 
substance with a weak absorption near 500 nm, and a band near 320 nm. The electrophoretic mobility 
of this material was 70% of the pertechnetate value. It was believed to be a polymer. 

Vanlic-Razumenic and Petrovic prepared DMSA complexes from a kit to which they had added 

both '^**TcO^ ■ cind =''*TcO," . After reduction by SnCl , at pH 2 6, the mixture was chromato^raphed 
on a Sepharose 2B column. Two complexes were formed, as reporied by Ikeda. *' ' Complex II 
stayed at the origin onaTLC plate, and Complex I hadRf0.28-0.33(thistofTcO, ' =0 5) in 
physiological saline In the view of these workers, it is not possible to prepare complexes of Tc-DMSA 
which are free of Complex I (which, according to them, localizes in bone), tor Complex II, after 
purification they found that its absorption maximum was near 412*426 nm. It was yellow, not purple 
as reported by Ikeda. It kxalizes in the kidney. 
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h is apparent that there is a good deal of disagreement aniMig three gnmps who have 
investigated Tc (IV) complexes of DMSA or similar Uganda 



Ikeda 



890 (acid) 



VanUc-Razamenic 



412-425 (acid) 



Johanman 



380-510 (SnCV 
300-500 (TcBrs^-) 



410-420 



It would appear that a mixture of products had been fbnned, and that the method of 
preparation, or variation in tlM sune imthod of preparation influx 
products. 

E. ThioeemiGarfaawne Complex of Tc (IV) 

Acomplex of technetium was formed by the reduction of pertechnetate with stannous chlorida 
in the presence of potassium kethoxal-bis-(thiosemicarbazone) (KTS).(422) The complex was 
extracted into various organic solvents, suggesting strongly that it carried no charge. It had an 
absorption maximum at 450 nm, as did a solution in which aTcCl^^- salt had been reacted with the 
thiosemicarbaxone. There appear to be a number of products fimned. 

F. Complexes with Fboepliorus(V)Ligands 

1. Inorganic Phosphorus Compounds 
a. Phosphate Complexes 

The electrolytic reduction of pertechnetate in O.IM phosphate buffered at pH 7 or pH 4 

produced a pink complex. This had the same absorption ?ipectrvim as that recorded by a later group, 
who added exactly 1.5 moles of SnCl^ for each mole of pertechnetate in IM phosphate at pH 7( max = 
520 nm, e s 2500M " *em~ Thomason*^ also found that a more negative potential applied to the 
pink complex produced a (Tc ( III)) green compound. Steigman et al duplicated this , and found . as 
Tho mason did, that the green complex prepared at -0.85 volts versus standard calomel had absorption 
peaks at 610 and 738 nm, each with a molar abe(Mi)tivlty of about 300 M'^em"^. The Tc (III) complex 
was readily air oxidized to ^he pink compound and required 1 0 electrons for re reduction to the Tc (III) 
green complex. However, the species produced when an excess of SnCl^ reacted with pertechnetate in 
I M phosphate at pH 7 resembled nei^er tlw pink Tc (IV) nor the green Te (III) . Tt had a single peak at 

738-740 nm with an absorptivity coefficient less than 200 M"' cm' ' It was established that itwasa 
mixed-metal complex containing Tc (HI), Tc (IV) and Sn (II) in undetermined proportions. 



b. Pyrophosphata Complexes 

The reduction of pertechnetate by excess SnCl^ in 0.2M sodium pyrophosphate solution at pH 7 
could not be analysed fin- uareaeted Sn (II) by polarography because the Sn (ID oxidation wave at 
•0.24 volts versus the standard calomel electrode was severely distorted in the presence of 
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pertechnetate At the same time, iodometric titrations were found to be unreliable in this system.'***' 
Coulometry at fixed potential produced a pink color, which was followed by a pale blue. The pink 
compound was a Tc (IV) complex (n = 3, Xmax = 520 nm, e = 500 cm~^). The coulometrieally 
produced pale blue solution initially had Tc (III) (n= 4) and was unstable, slowly liberating a gas 
(probably hydrogen) and reforming the pink complex. Excess SnClj added to pertechnetate in 0.2M 
sodium pyrophosphate at pH 7 prednced a faint blue color which deepened on rtanding. Thefinal 
Qimiting) spectrum, after 100 hours at room temperature, was the same as that of the coulometrieally 
produced product after re-reduction. This was interpreted as the absence of any mixed-metal complex 
of tin and tedumtittm. The Idneties of the formation of the Uue compounds in the preeenoe of excess 
SnCl were second order in technetium concentration The velocity constant was 490* 74 LM"*h"* 
at room temperature. The reaction was probably a slow dimerization reaction. In a more concentrated 
pyrophom^tesolution-^lM K^P,0. at pHT), the eoulometriealljmdiKed technetium, yellowish in 
color, had an average electron number of 4.6 (a mixture of Tc (III) andTc (II)V The product prepared 
with excess SnCL in that medium was colorless, with no detectable light absorption in either the 
visible or near Uv region. INItttionofthi8latter8olutionto0.2Mp9«Qflioqphatepcediieediiovl8i^ 
change in the colorless solution, even after the admission of air. 

The Te (IV) phosphate complex in solution has an absorption spectrum which closely rssembles 

that of the Tc ; IV) pyrophosphate This is also true of the Tc (III) phosphate and pyrophosphate 
spectra. These close resemblances may be due to complexation with a hydrogen-bonded phosphate 
dimer ligand. ^ The actual composition of any one of these teehnedum complexes is not known at 
present. It would appear, however, that there may be twice as many phosphate as pyrophosphate 
ligands in complexes of a given teclmetium oxidation state. Russell and Cash carried out amperometric 
titrations of appnndmately 10*^ pertechnetate with SnCl, in a number of solutions, including O.IM 
pyrophosphate at pH 7 They found an end point in the latter case which corresponded to the 
formation of To (IV). This same end point was found at -l.iW versus standard calomel on the TcO ~ 
plateau, and at 0.2V on tiu»Sa (ID oiddation plateau. This contradicts the previously cited paper m 
which the polarographic analysis of Sn (II) in pyrophosphate was abandoned because of interference 
from the reduced technetium.'*^' Russell and Cash found reduction from Tc (VII) to Tc (IV) in one step 
in the pH interval 3.0 to 12.0. They did not find Tc (III) , although in their titrations they used up to 8 
equivalents of SnCl, per equivalent of pertechnetate. In addition they did not notice the formation of a 
blue color which deepened in time.'*'" This is an additional point of disagreement with the previously 
cited rssearch which remains to be resolved. 

c TripolyplMsphate Complex 

The reduction of pertechnetate in tripolyphosphate solution (NajFjO^g) was studied by Terry 
and Zeitel.'*"" They found that the electrolytic reduction of pertechnetate at pH 4 7 yielded a Tc'III) 
complex, which could be re versibly oxidized electro-chemically to a Tc (IV) complex. They developed a 
metlwd of analysis of pertechnetate based on a eontioUed>pot«itial coulometric reduction. 

A more detailed investigation by Miller et ai was carried out in order to characterize the 
eeukmietrically formed Tc (IV ) and Ic (III) tripolyphosphate complexes. The reduction of pertech- 
netate at pH 4.7 and at -0.75V (vs SCE) in O.IM tripolN-phosphate solution involved a 4-electron 
change, and hence generated Tc (III). The Tc (Hi) tripolyphosphate complex is readily oxidized toaTc 
(IV) complex either by water or by air or by controlled potential electrolysis at '0.40 V (vs. SCE). Both 
complexes are yellow in the acid solution. The Tc (IV) complex has absorption bands near 570 nm and 
at 395 nm, and has an intense charge-transfer band below 350 nm. This Tc (IV) complex, initially 
prepared in add, unde r g o e s a rapid irreversible hydrolysis in alkali and a much slower acid<^talyied 
hydrolysis. On reduction in alkali a Tc (III) complex is formed which has a different absorption 
spectrum from the Tc (III) species formed at pH 4.5. The Tc (IV) species formed at pH 4.5 by 
electroreductiott to Tc (III) and reoxidation aJso hydrolyses, but at a very much slower rate. The 
electroreduction of the Tc iIV) alkaline complex is irreversible, and the Tc (III) complex so produced is 
diCTerent not only in absorption spectrum, but in polarographic diaracteristics from the Tc (III) species 
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produced in acid. The b^sic form has a small band near 7(K)nm,wlMrCM the acidic product has ft 
larger band near 700 nm, and another near 550 nm. 



2. Orftnie Phosphorus Compounds 

These complexes have been included under the Tc {IV) heading, although there is reason to 
believe that other oxidation states of technetium are also involved. In addition, the studies reported 
here include MmeFefflfWiwB to *'^elMiBistry. A separation oftliediBeuBsioiis would have been 
artificial The chemistry described here is limited toaolutiAnstttdMi (with several exeeptiona) and 

consists largely of chromatographic separations. 

a. Methylene Diphosphonate 

Methylene diphosphonic acid was reacted with (NH^LTcBr^ in hot N.N-dimethylformamide.'*''* 
After dilution with an aqueoua addle buffer, the brown product was adsorbed on an anion-emhanfe 
resin and eluted with LiClO solution. Brown crystals were obtained from the eluate, with the 
composition (la(H,0), (Tc (IV) (OH) (MDP) • 1/3 H O) if one accepts the displacement reaction as 
piredominant, with no eu b se qu e n t oxidation. On the other hand, oxidation would lead to the 
composition (Li (H,0)^) Tc (V) (O) rMDP) 1/3 H^O. The X-ray diffraction data do not permit these and 
perhaps otlier compositional possibilities to be distinguished from one another. The technetium is 6- 
eoordinate (octahedral). Ttw solid eonsiataoffaifinite polymeric chains. Methylene diphosphonate can 
bridge two technetium atoms, and each technetium is bound to two MDP ligands. The oxidation state 
of tedmetium in MDP solutions containing perteclmetate was determined by polarographic 
nieasm«nients>aiida|ipearedtobe(IV)tnacid,neutr«landallcalinesolutions.*^ Thisdoesnot 
preclude the fiMrmation oftiie other teehnetiam <Mttdation states by chemical reducing agents in MDP 
solution. 

HPLC was used to characterize both carrier-added and no-carrier-added technetium MDP 
formulations.'*"' The purpose of this investigation was the examination of the bone-imaging 
properties of various separated firaetimn. The Te-MDP complexes were prepared the reduction of 
pertechnetate by NaBH^ at pH 2,6,8,9,10 and 12. Both aerobic and anaerobic solutions were studied. 
On the acid side both types gave yellow solutions. At pH 8 the anaerobic solution was green, and the 
aerobic solution turned yeUow on standing At pH 9 the anaerobic specimen was greeni^-blue. and 
the aerobic specimen slowly turned orange-red. At pH 10 both turned pink on standing. At pH l2both 
were colorless. These obviously complicated changes, which were both time-and pH- dependent 
appear to have little connection with the brown compound obtained by displacement.'^ The HPLC 
separations were conducted on an auiion-exchange colunm with 0.85H sodium acetate as the eluant. 
Depending on the pH, 2 to 5 peaks were observed (more in alkali than in acid). With the carrier-added 
solution there was visible but limited interconversion by changing pH. The no-carrier-added samples 
showed two peaks in add and fbur in alkali, and much more interconvertibility of peaks by changing 
pH than the other specimens. The conclusion was drawn that "increasing the formulation pH favon 
production of complexes with short retention times, which within the n:^odes of anion exchange 
diromatography corresponds tocomplexes of low negative charge density. This appears to mean 
that a higher charge density in a complex anion means a longer retention time - or a greater 
selectivity coeiUcient - with respect to anion-exchange columns. The conclusion is incorrect; if 
anything, the reverse is true. This question will be discussed at some length in the Tc •HEDP section 
below. 

It was noted that the no-carrier-added solutions (l(hnCi of ^Tc) had an initial concentration of 
7X10"*M in **'"Tc Unfortunately, the total TcO^ ' concentration ('^Tc + ""Tc) in the samples was not 
determined. The probability of oligomeric complex formation rests at least in part on the kinetics of 
reaction of these very dilute ^fstems, and hence on the absolute coneratration of total technetium. 
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Ik Hydroxyethylidene Diphosphonate 

1. fWMiitin.^ of TwshMtiiim 

The oiddfttkm state of technetium which had been reduced firom TcO, ~ by exeenSnCI, in 0.2M 

Na^ EH DP at pH 5 was determined by a polarographic analysis of unreacted (Sn(II).'***' Two maxima 
were observed, one at -0.12V and the other at -t- 0.080V (versus standard calomel). The concentrations 
oftmwereequivmlent to a 4-eI«troii and a S-dMtna change respectively. Tha wawwwwra poorly 
dsfinMl 

Russell and Cash perfermed fast pulse polarography on pertechnetate in acid, neutral and 
alkaline solutions of EHDP.^"' They reported the formation of Tc (III) in the acid solution, and tfaft 
formation of Tc (V) in neutral and alkaline solution. 

Afiast-scan cyclic voltammetric studyofthe reduction of pertechnetate in EHDP at pH 3.5 and? 
gave somewhat different results. There was an initial reversible 1-electron reduction, followed by 
the formation of Tc (V) in a complicated fashion. This product may have undergone further reaction 
with Hgand or solvent molecules. There wns an additional reduction step in a second reduction peak. 
It was hypothesized that this step (at pH 7) formed Tc(I V). The time scale for this operation was in 
milliseconds. The usual polarographic studies require seconds, and slower reduction reactions 
foUowii^ the rapid ones may well have been observed in the usual studies. 

Amperometric titrations of pertechnetate in acid EHDP solution with SnClj showed a three- 
•tactron change, forming Tc (IV) ExeoflS SnCl, was back-titrated with I,, and gave the same 
result.'*"' This latter titration (without potentiometry) had been carried out by Hambright et a! , who 
drew the same conclusion. ^ However, this is not a definitive finding, since the same data would have 
been obtained if a lower oxidation state (like Tc (IID) had been oxidized to Tc (IV). along with a smallar 
titer of unnaetadSnCy*' A ^edfic analysis for unroaetadSnCl^ would have boon pcafarabla. 

Muenze reacted a TcBr,*~ salt with EHDP, and isolated a solid whose composition waa Cl^TcO 

(OH)l'* rEHDPl'- While this seems to establish that the product is a TcflV) complex of EHDP. its 
preparation by displacement in water rather than in a non-aqueous solvent raises the possibility of 
eonplieatioas firom the indepandantly oecurrinf hydrolysis of tin TcBr,*" anion. 

2. Wumber and Nature ef Te fEHDP) ComBlaaaa 



Van den Snati ct al examined reaction mixtures containing pertechnetate, SnCl ami EHDP at 

pH 7 in water by gel chromatography They used the cross-linked polyacrylamide gel Bio«QalP*4 
rather than Sephadex because of the possibility that Sephadex would decompose Tc-EHDP 
eomplaxas.'*"* As it turned out, the eemptexas decompos e d on Bio-Gel. It was necessary to add 
Na^EHDP to the saline eluant in order to avoid this decompositior. They assumed that the get 
functioned by steric exclusion and, accordingly, they calibrated the column writh a variety of inorganic 
and organic compounds of difforent molecular weights preliminary to the estimation of the molecular 
weights ofanyTc EH DP complexes. Technet iurr. 99 was run at 10"*M. andTechnet ium-99m at 
10~''*10~^'M. The technetium elution curves were unsymmetricai in shape, suggesting that a number 
of compounds were being eluted close to one another. The curves were analyzed by an iterative 
procedure, on the assumption that they were made up of closely lying Gaussian curves. By this 
procedure they found 5 components with "Tc, and four of the five with ""Tc. '^^Sn was found with two 
components, was possibly present In a third, and was absent in any other. The P-Te ratio was 
determined with ^P-labeled EHDP Since four of the five fractions assigned to Tc-99 were found with 
**°Tc fractions, they reasoned that ail five must be monomeric in technetium, because of tha 
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improbability of dimer formation in a reasonable period of time in solution with 10""-10" 
technetium. This led to the conclusion that any molecular weight greater than that of Tc-CHDP was 
dm to the incorporation of tin, to moro tinn one BHDP per technetium, to tin plus an additional 

EHDP, or to three molecules of EHDP per technetium atom On this basis the compounds were eluted 
in the order: To (IV)-EHDP, Tc (IV).Sn (IV)-EHDP, Tc (IV)-(EHDPL. To (IV)-Sn (IV) - (EHDP), and Tc 
(lV)-SnaV)-EHDP),. 

3. Theory of Determining Charae to Mass Ratio 

These conclusions concerning the ditmieal form oftheTc EHDP conplexM are oprntoqiMStion 
for reasons which are set forth below 

4. Theory of Pel Chromatography 

In gel chromatography there is a sieving or steric exclusion effect. Smaller molecules will 
diffuse into gel pores which are too small to admit larger molecules, and hence will take hmger to be 
eluted. The following equation deserihea the behavior of solutes:'^ 

(W-MT-a-pV ) 

V.« • 2- 

» P 

W is the total column weight, Wt the column tare weight, a is the dry gel weight, p is the density 
of water at the operating temperature, Vo is the void volume, and V| is the volume of solvent in the 
Interior of the gel beads. There is a diBtrttration eodflelent, Ibr any partkttiar aolute: 

V - V 



o 



O V. 
I 



Here represents the volume eluted with a particular solute. This equation is exact, but 

represents more work than various alternative convenient forms which may require simpler 
measurements. One example is in which is the elution volume of some uncomplicated substa n c e ; 




tritiated water has been used frequently for this purpose with aqueous eluants V , the void volume, is 
usually determined with a totally excluded high-molecular-weight substance like Blue Dextran 
reiwesentathefraietion of imbibed volume whiehitavailableforgel penetration Valuesof may 
vary between 7pro and unity A value of zero represents complete exclusion from the interior of the 
gel. A value of unity represents complete penetration, indistinguishable from the behavior of, let us 
say, tritiated water. If K^exceeds unity, then adsorption by the gel is clearly indicated, and the aolute 
is not subject to simple steric exclusion Indeed, Gelotte, who did early research on gel 
chromatography, considered that a value of 0.8 or more indicated solute adsorption.'***' 
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The equation used by Van den Brand et al was: 



in which is the volume of the solute eluant, V_ is the Blue Dextran (BD) void volume, and is 
tlw •lution volume of labeled Na (**Ka) in the MMBum ehloriife eluant 

There is an implicit assumption that NaCl has a K^^ (or Kg) of unity in BioGel P-4. However, 
this is not the ease, and that chanfss the interpretation of their results. Ssunders and Peesok^ 

investigated the elution of aqueous solutions of 62 inorganic compounds from Bio-Gel P-2 (which is 
somewhat mmre highly cross-linked that P-4). They concluded that all of them were eluted by an 
adsorption-desorption mechanism rather than 1^ stMie exetusiM. Their eluant was distilled water. 
In this connection, both Sephadex and Bio-Gel resins are known to have small concentrations of fixed 
anionic charges-probabiy carboxylate groups-which will inUXKiuce a Donnan effect. Usually this is 
minimized or eliminated by elution with an electrolyte solution,e.g. , 0. IM NaCl. However, Saunders 
and Pecsok were able to use distilled water as the eluant because they found that while Sephadex G-10 
samples had 2 micro-equivalents per gram of unit negative charge, their batch of Bio-Gel had only 
0.02 micro-equivalents of negative charge per gram, which was negligible. They reported that the 
for NaCl was 1.27. Van den Brand et al had assumed in effect that it was unity. If we assume that Bio- 
Gel P-4 is not very different from Bio-Gel P-2, correct the V^.^ term in their equation to reflect what 
water would have done,i.e., divide V^^ by 1.27, insert the values for Blue Dextran elution and 
reeaJeulate, the eqitation would be: 

1 ^^,-^3D> (V,-46.0) (V^-46.0) (V^-45.0) 
(V„ - V„J^ / 123.75 »7.4 -45.0)° (62.4) 



This introduce?; the following changes in the K'jj values for their reference compounds: that for 
sodium phosphate increases to 1.22, that for sodium pyrophosphate becomes 1.01, the glycylalanine 
valve bteomea 1.06. and Uleupyl-Utynwine is inersMed to 1.28. In these reealculatioBS it was 
assumed that each solute, including Blue Dextran, Is una£beted by the beha^r of the saline eluant 

S. Separation bv Molecular Weight on Gel Chromatography 

Beyond this particular argument, there is also evidence that no simple relationship exists 
between Ae molecular welglits of some simple organic compounds and their elution volumes from Bio- 
Gel P-2 Politti et al reported that they found good soparations of low-molecular- weight organic 
compounds by eluting them from Bio-Gel P-2, but that the separations did not depend on molecular 
weight'^ They were unable todimw a calibration curve (log molccttlar weight versus elution 
volume) with P-2 at any linear flow rate fbr nolecular weights rangingfrom lOOto 1800daltotis. 

It can be oondoded that Van den Brand et al found at least four different compounds containing "^Te. 

but the molecular weights assigned by them are in doubt, as are their compositions. In this 
connection, work by Pinkerton et al (described below) used HPLC with an anion-exchange resin and a 
sodium acetate eluant on the products of reduction of perteehnetate in SHOP solution. With NaBH^ as 
reductant they found 12-13 distinct peaks. With SnCL as the reductant seven of 15 were the same as 
the products from NaBH^ reduction. Of the peaks proauced by SnCl^, only one-a distinctly minor peak- 
contained ^^^Sn. This suggests that Van den Brand and his collaborators did not have enough 
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resolving power in their low- pressure chromato^aphic column to separate tin-bearing peaks jErom 
closely lying technetium-containing peaks. There is another disagreement between the two 
researchers; Pinkerton et al reported that if the total technetium present was less than lO'^M, nuMtof 
the peaks vanished, and one predominant (mononuclear) species remained This is in marked 
contradiction to the Van den Brand finding that four fractions conuining technetium were found in 
th« "^Te sotutioni whoM toefanBtittiii coneentratioas ware 3 to 4 enters of nwgnitiido Ins than 10'^. 

In retrospect, Sephadex would have been a more suitable column material than Bio-Gel. The 
UM of the polyacrylamide, after all, still required the addition of the sodium salt of EH DP to the 
eluting solution in order to prevent adsorption of the complexes to the columr. A similar additioatO 
the NaCl eluant for Sephadex would probably have been successful, since gluconate and 
pyrophosphate comptoms «f technetium are stabilized against adsorption to Sephadex by the addition 
of gluconate and pyrophosphate salts, respectively, to the eluant. The reason for preferring Sephadex 
to Bio-Gel is that steric exclusion is the mechanism of separation of many compounds, including some 
inoffanie eompounds on Sephadax oolunms. Tha one difficulty is the Donnan effect mentioned earlier, 
and this is practically eliminated by elution with an indifferent electrolyte. In this connection, for 
reasons which are not now known, NaTcO^ is strongly adsorbed on both Sephadex and Bio-Gel resins. 
This is wl^ it is slutsd wsll after various roduead technatittm eoa^ems in analytical gal- 
diromatograpliy. 

6. Separation bv Ion Exchange 

The application of HPLC techniques to the analysis of Tc-HEDP complexes was undertaken by 
Pinkerton. Heineman and Oeotsdi,'^ using nillimolar perteehnetate reduced by NaBH^ and tagfsd 
with'''"Tc The column consisted of a strongly basic anion-exchange resin, Aminex A-27. TheallMttt 
was 0.85 M sodium acetate which was maintained at pH 8.4. The elutions were monitored by 
radiation dttaction and by (JV seanning. A targa numbor of components wars found, icdudtag sevaral 
iriiieh vara piroduoad only in tha pnsanca of air. 

Pinkerton and his associates later continued this work. With the same sodium acetate eluant 

they found 13 fractions produced by NaBH^ reduction.'"' They also found that reduction by SnCl^ 
produced at least 15 fractions (without exposure to air) and reported that seven of these were also 
among the fractions resulting ftora borohydride reduction.*^ The identification of firaetlons common 
to the two reducing systems was based on UV spectra and on chromatographic .'■efention times It has 
already been noted that ^^Sn was found unambiguously in only one minor iraction of the 15, and this 
was true only up to pH 7. In alkaline solution no tin was detected in any tachnetittm fracdon. This 
w«rk made possible the testing of a number of the separated fractions in radiopharmaceutical 
preparations and is undoubtedly valuable in an applied sense. However, the same investigators 
attempted to deduce both the electrical charges and the molaeular sins of tlie various fractions ^most 
entirely from the retention times of these fractions, and eavaral Mrious qusetions must be raised about 
tha tiieorstical basis underlying tlieir treatment. 

There is no difficulty in relating the retention time to tha aaleetivityeosffielatttof aparticolar 
anioaicspaeiss: 

** F ' 

Here Ir. is the corrected retention time of species i, Vs is the stationary -phase volume; F is the 
volume flow rate, and is the distribution coefHcient of species i, defined as the molar concentration 
of the species in the resin, to the molar concentration of the same species in the sodium acetate 
eluant, C^^,. The equation assumes that there is virtual equilibrium at every stage in the elution, and 
hence elutifm patterns can be related to the ion-exchange behavior of the various anionic species in the 
Te-HEW ttiature. If ona knew tha Mructurea and other eharacteristiGS of all these species, one could 
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then relate them to the retention times and then decide how such properties as size and partial molar 
volume contribute to the chromatographic behavior of each species. However, it is the reverse 
operation whidi is •tfeempM Ink: todetonnimduurgMandiNdiimMoftlwtlutodapaeiMfimntilt 
retention times. In order to do this, a model (incorrectly described w a riffonHistherniodlynamie 
treatment) was put together, based on the following factors: 

1. The electrochemical potential of a technetium species in the external electrolyte solution is set 
equal to the standard chemical potential, the ion activity in the external electrolyte, and the 
prodttctoftlM ionfediarge and the electrical potential aetin? on the 

2. The electrochemical potential of the same species in the water phase is set equal to the same 
eorrttcponding tenas in the reiin phase i^iis the oeniotic preasure of the reiin niiltiplied by the 
partial noolar volamc of the (solvated) species; 

3. Similar expressions are generated for the ehiant anion, acetate, and the assumption is made 

that the Donnan piiter.tial (the difference between the resin potential and the solution potential 
acting on the ion i) will be the same as that experienced by the acetate eluant. This eliminates 
these common terms by dividing through by the charge Z, on the i ion and the charge on the 
aoetate: 

4. In tiM evaluation of partial molar volumes, the standard states are selected so that Uie activity 

coefficients are unity at inAnite dilution. Hence the standard electrochemical potentials are the 
same in both resin and. electrolyte phases for both the acetate and any technetium species under 
otmsideration: 

5. The activity coeflicients of acetate and of the complexes are averaged out on the basis that an 
ion spends time in both the resin phase, which has a high ionic strength (estimated at 3.5M) 
and in the 0.78M aedium aettate eluant; 

6. The final working equation relates the retention time to the charge Z^ on a species i, multiplied 
by tha aeetata activity in the external solotieii: 



The concentration of sodium acetate was varied over a small range - (0.740 to 0.815M), each fraction 

was studied over this range, the log of the retention times was plotted against the calculated log of the 
activity of the acetate ion (calculated from an expanded Oebye-Hudcel equation) and the resulting 
slope gave the charge, Z , on that anionic complex. 

7. Senaration bv Charge on Ion E«ghang* nhromatographv 

It was assumed in this treatment that a species with a higher negative charge will be held 

longer on the anion-exchange resin column than a species with a smaller negative charge, because of 
electrostatic interactions. This is a m^or error in setting up equations relating the flow time to 
various factors, including charge. The inclusion of the term z in the basic equation (that is, the 

charge on a complex, the Faraday constant and the electrical potential acting on the ion i either in the 
external solution or in the resin phase) means that the authors were foilowmg an early statement Dy 
HelCfrich that "the ion exchanger prefers the counter-ion of higher valence.'"*^* The Donnan potential 
is the cause of this particular interaction, which has been called "electroselecti vity " However, this is 
not the same as the measured selectivity coefficient, and at best may be a contributing factor to the 
coeHicients found in cation<exchange sulfonate>based resins. In these, the chaise density of the 
solvated alkali cations seems to affect the order of selectivity coefficients: Cs' >K ' > Na" > Li*, anda 
more highly charged cation like Ca^* is more strongly taken up then the less highly charged N'a*. 
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There is additional evidence from the self-difTusion coefficients of cations in the resin phase, which are 
markedly affected by the charge on the ion. In Dowex-50X8 at 25°. an increase of one unit of positive 
charge on the cation deeraaiee the eoeSSeient about tenfold in the sequence Na'*- >Th**.'*"' 
However, strongly basic anion-exchanRe resins behave differently. In self-diffusion studies in the 
resin phase, the elTect of charge is quite small. In equilibrium studies they do not show any 
preference for mere highly charged iens. On the contrary, their behavior is cliaracteriied by a 
docrea?;ing selecti%'ity with increasing anionic charge. However, the comparison of charge types must 
be made carefully. The sulfate anion in HPLC operations is known to be eluted after the halide ions 
from a Dionex anion^exehange column, in widely seen advertisements. This may have given rise to the 
conclusion that the divalent charge on the sulfate anion is mainly responsible for its stronger 
retention by the resin. There are many examples of the effect of anionic charge on resin selectivity of 
more cloialy related spades: 

i According to Aveston et al, the Au (CN)^' ion displaces other cyanide metal complexes 

from Amberlite IRA 400, the ease of displacement increasing with increasing negative 
charge. Thus, its selectivity coefficient against Ni (CN) J' ~ is 246, and that against 
Fe(CNVi9 6xlO».'«»>' 

ii. In the text by Marcus and Kertes there are a number of examples of resin preference for an 
anionic complex of lower charge in spite ofthe existence in tlie aqueous solution of more 
highly charged complexes:'^ 

AgCl^'" insolation, AgClj*' on the resin; 

Agi&fijf^' in solution, Ag (^0,)' ~ on the resin; 

Ag (CN)/- in solution. Ag (CN),*' on the resin; 

La(S ,0^)j' in solution, La (S,0^),' on the resin; 
Gd (HOCH,COO),'> ' in solution, Gd (HOCH,COO)/ ' on the resin 

iii. The selectivity coefficients for tracer anions with different charges were determined on 
Dowex 1,X8 Against chloride ReO^ had a selectivity coefTicient of 570, the CrO*' 
coeiTicient was 0. 18 and that of WO^' was 0.07. Against cyanide Cr (CN),' had a 
eoeffidentof2. and Fe(CN)/~ had 0.06. The authors eoneluded: "at least in these eases of 
(large) anions with a strong>baae resin, electnwtatic ion pairing in the resin phase is not 
important." 

Iv. In the course nf ^^tudying electron exchange between ferri and ferroryanide, Cobble and 
Adamson found that they could quickly separate ferricyanide from ferrocyanide by elution 
through a column ofthe anien-exehange rerin Amberlite IIt4 in the carbonate form. 
The resin preferentially absorbed the less charged ftrrlcyanide, and allowed the more 
highly charged ferrocyanide to be eluted. 

v. There is a large number of studies ofthe adsorption nf sulfuric acid from aqueous solution 
by a strongly basic anion exchange resin in the sulfate form. This is called site-sharing, 
but it comes down to the idea that two bisuUhte anions are held more strongly than one 
sulfate. 

vi. MnO,''ismon» weakly taken up by a strongly basic anion exchange resin than MnO^'.'*^ 

vli. Smitar conclusions-that the more highly charged anion is less firmly held on a resin that 
the leaser charged species-have been drawn for the phosphate system***" and for the 
cafbooate-bicarbonate system.'*"' 
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Thew cmmples show that the electrostatic hypothesis used by Pinkerton et al does not hold for 
anion-exchange resin!? Even for sulfonic acid cation-exchange resins the electrostatic effect is not 
very strong: perhaps a factor of 2 for the ions Na' -- >Ca'*.'**' The process called ion exchange is more 
eomplieated than a simpls exchange «f ions rfeithar charge type. This had led Helffrich to comment: 
"the mechanism of Uls separation nay be as &r removed firom exchange of ions as chromatography is 
from color. 

8. §yparation bv Molecular Weight on Ion Exchange Chroroatograohv 

A second source of error about the properties of anion-exchange resins in the work under 
consideration concerns the size or molecular weight of the fraction separated on the Aminex resin. 
The comment is made that the elution order ofthree of the fractions ( M,P and S) "of effectively eqtiai 
charge can be seen with M eluting first, because of its greater partial molar volume. This 
demonstrates that the discrimination of partial molar volume ban integral part of ion-exchange 
theory This is incorrect; experience teaches that the reverse order has been observed. 
Beukenkampet al determined the exchange constants and the distribution ratios of phosphate and 
condensed phosphates sgainst chloride on a strongly basic anion-exchange resin.' ^'"^ They found 
that the exchange constants and the distribution ratios for a given negative charge decreased in the 
order orthophosphate, pyrophosphate and triphosphate. That is, the larger the anion in this series, the 
greater is its attachment to the anion-exchange resin. In the same vein Iguchi reported that 
polythionates, all of which bear the same divalent charge, can be separated on an anion-exchange 
column, and the largest one is eluted last. It will be recalled that the polythionate anions have the 
general fi»rmala (S^O,)**, and n has the values 2,3,4,5. 

9. Activity Coefficients for Ion Exchange Chromatography 

A third source of error in the work under consideration is the calculation of the activity 
coefficients of the complexes in the resin phase and in the eluant. These calculations are based on the 
use of the expanded Debjre*Huckel eqoation, treating the anlon-exehange resin phase as if it were only 
a concentrated aqueous electrolyte solution whose effect on activity coefficients emerged only from its 
ionic strength. In order to see the error involved in this treatment, one must look at a rigorous thermo- 
dynamic treatment of ion-exchange resins.'^'*" The exact Oibbs-Dennan equation for ion-«xchange 
eqaililnia in charged membranes with a hydrostatic pressure is: 

in which K is the activity product ratio for the exchange of ion 1 by ion 2, V and V are the partial 
molal volumes of the exchanger salts, P is the pressure, and and z, are the charges carried by the two 
ions. For the simple case oftwo singly charged ions, this becomes: 



Here D^is the selectivity coefficient for ions 1 and 2 (this isQ2ithe square of I) , ^.^'y is the 
ratio of tlie activity coefficient of the two exchanger salts in the resin phase and ( v / v . is the ratio of 

the mean molal activity coefficients of the halide salts 1 and 2 (NOT the ions) in the water phase The 
first two terms were evaluated accurately from weight swelling measurements conducted together 
with isopiestie vapor-pressure measurements on resins whose cross-linking with diviny I bentene 

varied from almost zero (0 5*^ DVB) to 24"?. The third term in the equation was evaluated hv means of 
data in papers in the literature which dealt with mixtures of electrolytes. It is not practical to go into 
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all the details of these very thorough researches There are three points of immediate interest; I) the 
authors were able to evaluate the three terms on the right-hand side of the equations, as well as the 
selectivity coefTicients ibr Uw halidft-ioa exchanges. They found that the osmotic preaiure term and 
tha aqueous electrolyte activity coefficients (the first and third terms of the right-hand side of the 
equation) were of decidedly minor importance. The important term was the log of the ratio of the 
activity coefficients of the two resin salts in the resin phase. This was also true of catien^exehangers 
(for alkali-alkali or Na^^H'* exchanges). 2) The reference State selection o(Tered a severe problem. 
It was not possible to measure the water uptake on resin mixtures so dilute that the ratio of thKS two 
exchanging ion coefTicients was unity (i.e., log (y, /Y.)r in the limit approached zero). Instead a very 
lightly cross-linked resin (0.5% DVB) was used for the reference state on the basis that the selectivity 
would practically vanish, since it is known to increase for any pair of ions with increasing cross* 
linking. This worked for a cation-exchanger.'** Thus, the selectivity coefficient for the Na'-H* 
exchange, which was S.38(at26') fbra 24% cross-linked sulfonic acid resin, was unity for the 0.6% 
cross-linked resin However, this was not true of the halide exchanges in the anion-exchange 
resins In all cases studied (Br -F",Br"-r etc.) the unexpected finding was that even for these 
weakly cross linked resins, the selectivity coefficients were well above unity. For Br '-Cr it was 
about 2. for Br~-I ~ it was above 4 and for Br '-F' it was 10 This meant that the anions in these lightly 
cross-linked resins were (relatively) much more tightly bound than the alkali cations in the 
corresponding sulfonate resins. This is possibly associated with the properties of aqueous solution of 
quaternary ammonium salts. They show a marked difTerence of response to different anions as, for 
example in the mean activity coefficients, the effect increasing with increasing chain length. Thus, in 
0.5 molal solution at 25*. the mean activity coefficient for the tetra-n-propylammonium halidesara: 
0 322 for the iodide, 0.486 for the bromide, 0.615 for the chloride, and 1 .05 for the fluoride In 
contrast, for the potassium halides at the same molality, the coefficients are; 0.676 for the iodide, 0.657 
ibr the bmnidc, 0.649 for the diWide, and 0.670 for the nuoride.'^' If one takes the 3.6M estimate of 
ionic strength la the resin phase offered bv Wilson and Pinkcrton the disparity is very much greater. 
The quaternary ammonium iodide is too insoluble, but at 4 molal (which is less than 3.5M by virtue of 
water expansion) fiirtatra-n-propyiammoaium bromide Is 0.362, for thadiloride it is l 171, and 
for the fluoride it is33 25 Again, by way of contrast, in 4 molal solution at 25, y ^ for KI is 0.673, 
for bromide it is 0.600, for chloride it is 0.577 and for fluoride it is 0.779.'*" While the corresponding 
effects for the bensyltrimethylammonium groups in the anlon-exehange resins may be smaller than 
those associated with tetra-n-propylammonium salts, it is a mistake to treat the anion exchange resin 
phase as no more tlian a concentrated aqueous electrolyte solution characterized mainly by its ionic 
strangth. 

A most important conclusion reached by Boyd and his collaborators is relevant here. Apart 
firom possible specific effects, the selectivity coefficient for a pair of ions is a ftinetion only of the weight 

swelling (ie water uptake) of the resin Anythint^ that chan;^cs the swelling will change the 
selectivity in a manner that can be calculated from the Gibbs-Donnan equation. This includes factors 
like exchanger eross-linkfang, counter-ion composition, or external electrolyte concentration. Any 
decrease in the water content of an exchange resin by any means will increase a given selectivity 
coefficient. The authors point out that an increase in pressure applied to a weakly cross-linked resin 
eouM maka it bahava like a more high ly croas-linked rasin (at a lower pressure). That is, the 
aelaetivity eoefllcientaf a pair of aniooa could be increased in this way. 
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The discussion up to this point has relied largely on experimental findings. There is an 
underlying qualitative concept which may be useful. This is the efliKt which various electrolytes are 

belies ed to have on the structure of liquid water, and the interactions which result from these elllMtS. 
Simple inorganic salts fall into two limiting categories: water structure-formers and structure 
bredcers.'***-^ The strueture-lbrmers are small or highly charged ions of high charge density which 
can force a structure of a number of layers of the surrounding water molecules so that the water 
dipoies are all oriented towards the central charge. Ions like lithium, calcium, fluoride and sulfate are 
stnicture-fbrmers. Structure-breakers are larger ions Ulte cesium, l»romide, iodide and perehkwttte 
which do not have a large enough field to force re-orientation of water dipoies in surrounding llyera, 
but will nevertheless disrupt the water structure immediately adjacent to them. Viscosity 
measurements, amongotlier techniques, demonstrate both effects. The stnicture-lbnners increase 
the viscosity of water, an effect which increases with increasing concentration. On the other hand, a 
moderately concentrated solution of cesium bromide, a structure-breaker, has a viscosity which it 
less than that of water itself at room temperature.'**** There is a third group of salts-organic 
electrolytes, and in particular quaternary ammonium salts. It is thought that these salts organize the 
water molecules around themselves in an expanded hydrogen-bonded network which is similar to that 
of liquid water, rather than the compacted, denser ion-dipole-based structure formed by ions like 
lithium and similar inorganic structure formers. The effect of the organic cations onthe water 
structure increases with increasing paraffin chain- length, and it varies considerably with different 
counter-ions. With respect to anion-exchange resins, the anions which are most strongly taken up are 
Stnieture-breakers like iodide, perchlorate, perrhenate and pertechnetate, as well as various anionic 
metal complexes - halide and cyanide complexes, for example. Those which are most weakly lieldare 
structure-formers like fluoride, hydroxy I, acetate, and anions with higher charges Water 
accompanies such anions into the resin phase. The water uptake by the resins is least for those anions 
which are strongly taken up and is greatest for anions which are weakly held Whitney and 
Diamond have discussed the water distribution in anion-exchange resins and the competition between 
water solvation of anions and resin uptake.'*"' They pointed out that both the osmotic pressure* 
volume and electrostatic ion-pairing models fail to explain anion selectivity, and projected water- 
structure-enforced ion pairing as the explanation. ' ^ That is, the introduction of large (especially 
large and hydrophobic) ions into water forces a minimisation of tlie volume occupied by such anions 
and will thus force them into intimate contact with the quaternary ammonium ions in the resin, which 
are also large and not hydrated. They pointed out that such ion pairing, which is not electrostatic, is 
seen primarily with monovalent anions, and is more important the larger and more hydrophobic the 
anion This m.ay be the explanation for the increase in selectivity coefficients with increasing anionic 
sisc noted earlier for the various polyphos-phates and the polythionates. '^'^ This and the 

proceeding explanation focus on ehai^ea in the water as the driving force for anion-exchange 
selectivity. 

G. Tdl V) Phosphines and Related Complexes 

Trialkyl, triaryl and mixed phosphines and arsines readily form complexes with transition 
metals. They behave like Lewis bases: they donate electrons to the metal ion, forming sigma bends- 
bul they also accept hack-donated electrons in their lower empty pi orbit ils The back donation means 
that lower oxidation states of metals are favored in this type of complex formation because there are 
more electrons in those states which can interact with the empty pi orbitals of the llgand. The 
phosphines and arsines are also cflfoctive reducing agents. 

The first Tc iTV) phosphine complexes were prepared by Fergusson and Hlekford by reacting 

TcClj in e'.hanol with iriphenylphosphlne.''*''' They obtained TcC!^ (PPh^), which had a high magnetic 
moment - 3.92 B.M. at 20" and showed poor conductivity in acetone. It was unstable in polar solvents. 
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The isomorphous triphenylarsine complex had properties similar to the phosphorus complex. They 
also noted that (bisdiphenylphosphino) ethane reduced TcCI^ in ethanol to a Tc (HI) complex. 

Mazzi and his co-workers reduced pertechnetate with dialkylphenylphosphines in ethanol, 
producing Tc (IV) and Tc (III) complexes whose yields depended on the ratio of the reactants.'*** 
Dtmethylphenylphosphine redueadpertechnetate to green trans-TcCl,(PMe,Ph)2. This complex was a 
non-electrolyte in nitroethane, as are the diethylphenylphosphine complex and the two corresponding 
bromo compounds. The magnetic moments are high - (3.4 to 3.8 BM), compatible with a metal 
stnieturtt having three unpaired electroos in an octahedral envinmawnt. The 
tetrachlorotriphenylphosphine complex, prepared in the same way, resembled the other. The 
monoalkyl-diphenylphosphine (Tc (IV) compounds were prepared like the others, and showed similar 
Mlubility, conductivity and magnetic propnrtiM.'^' 

H. Other Complexes of Tc<IV) 






2^'-dipyridyl 



Fergusson and Hickford prepared mixed chloro-dipyridyl complexes of Tc (IV) by reactingTtCI^ 
with dipyridyl in ethanol.'*'^' They made [TcCl^ (dipy) JCl^ which had high conductivity in 
diawthylformamide, and TeCl^ (dipy) whidi benavad like a weak electrolyte. 

Oblova et al described the synthesis of a pyridine complex of Tc (IV). *^*^' It was prepared by 
heating (pyH)^ (TcClJ to 300', forming the neutral complex TcCl^ (py).,. Its properties were described 
in a second paper.' It is cis in configuration, is isostructural with the corresponding rhenium 
complex, has a magnetic moment (3.91 BM) which is close to the spin-only value, and is stable to 
aqueous acids, aqueous alkali and various oxidising agents. This may be due to its extreme 
insolubility. 

Mazzi et al prepared and characterized acetylacetone complexes of Tc (i V).^'*^' These included 
the tetraphenylarsoniuiBBaltSofCTc(acac) CI J' and [Tc (acac) BrJ^' as wetlasTc(«cac),Cl,aildTc 
(acac) Br They also prepared a mixed complex Tr (acac! fPPh ) Br^. The compounds were 
characterized by conductivity.magnetic susceptiblity and spectra. 
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Pertechnetate reacts with 1,5-diphenyl carbazide in 1.5M H,SO The product of the redox 
rMetions is an uncharged complex of Tc (IV) and diphenylearbaxone. A mote ratio study showed that 
three moles of carbazide reacted with two moles of pertechnetate. The carbazone complex is of 
unknown compoeition. It can be extracted into CCl^ or CHCl,. It has an intense absorption band at 

O 

I 

C6H5N = NCNHNHCeHs 

diphenylcarbasona 
520 nm (e a 48,600 M~'em'^). It is slow to form, and is not staUe in time. 

A Tc flVI carbonate or bicarbonate complex was formed by the electrochemica! reduction of 1.2x 
10'*M pertechnetate in 0.5M NaHCO and IM CF^SO^Na at pH 8. The reduction carried the 
technetium to the blue Te (III) state, nllowod by rapid air oxidation to the pink Te (IV) conqdoii. 
Spectra of the Tc (III) complex showed a major peak at630nm(cs4aO M'^'^)whorea8 the Tc(IV) 
complex had a peak at 512nm(c= 680M' cm' ). 

At 0 768 volts the Tc fllH complex is formed (following the appearance of the Tc (IV) compound) 
and is oxidized to Tc (IV) at -0.4 volts. The couple appears to be almost reversible. The calculated E' is 
•1.311V. Both complexes ara anionic. The authors believe thai the TcdII) complex cocrdinatas one 
more OH group than the Tc (IV) cofopoond. The Tc (IV) complex is readily adsorbed by a strang-faase 
anion-exchange resin. 
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IX. 

Technetium (III) Compounds 



The lower oxidation states of technetium tend to be easily inter convertible by redox reactions, 
with the consequence that the assignment of a particular metal-ligand combination to a particular 
oxidatkm state bMomu sonwwhat arUtntry. F«r th« Te (III) itats, 7-«o«rdiiiate oomplcxM begin to 
appear, as do metal-tneta] bonds. 

A. Halogen Compounds 

The halides of technetium (III) are diiTerent from those in the - (IV) state and more complicated 
in several respects. First, they Ibrm clusters in which two technetiuffi atoms are linked by metal to 

metal bonds. That is, in compounds like (Bu^N)^ '^'^i^'^ distance between technetium atoms is less 
than that found in technetium metal.^*^*' The first of these complexes is a mixed-valence compound, 
(NH^)^ TCjCl . containing both Te (IID and Te (ID. It was prepared by Eakins, Humphreys and 
Mellish.'*'*' Braton and Cotton determined the structure of this conn pound, its magnetic moments and 
its alMorption spectra.'*^^' It was synthesized by the reduction of (NH ) TcCl, with zinc metal in hot, 
concentrated HC1. It is a Te (III) -Te (HI compound. The TbdllV-Tc (111) cluster was made by Preeti 
and Peters. They reduced (NHJ, TcCl^ with zinc and concentrated HCl, which '.hey followed with 
careful dilution with an aqueous solution of tetra-n-butylammonium chloride. Cotton et al 
improved the synthesis and worked out the stnicture of the Tc (IID-Te (III) dimer.'*"* 

A second difference between the Tc (III) chlorides and the halide salts of Tc (IV) and - (V) is in 
their reactivity They react fairly readily with earboxylic acids, but retain the Tc , moiety. 
Attempts to prepare other complexes of Tc (III) by chloride displacement have been unsuccessful. The 
Tc (III) • Tc (11) (trinegative) Tc,CI,^ ~ disproportionates and is also readily oxidized by oxygen in HCl 
solution.***'* 

It is safe to conclude that there is only a small likelihood that radiopharmaceutically useful 
complexes will be prepared from the Tc (III) cluster compounds, particularly at low technetium 
eonoentratioiis. 

B. Thiourea Complexes 

An orange complex of undetermined composition was formed in the reaction of pertechnelate 
with thiourea in 2N nitric acid. Beckmann and Lederer concluded that it was a Tc (IV) complex 
because the absorption spectrum of the reaction mixture of pertechnetate and thiourea in HCl solution 
closely resembled that of TcCl,^" They did not consider the possibility of further reduction by the 
thiourea itself Morpugo maintained that unstable products irom the reaction of pertechnetate, 
thiourea and SnCl^ (in acid ) were compounds of Tc ( V). Kopunec et al concluded thai a thiourea 
complex (stabilized with two moles of thiourea per rrole of technetium) was formed by way of an 
intermediate cationic species. The complex itself I i.e., the final product) was later found to be 
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cationic by its uptake on a cation-exchange resitt And Isy itt •Xtnction iiito«i<»rgMlieSQlv«ntby 
means ofa cobalt (III) anionic reagent'^' 

Definitive research on the technetium oxidation state, the composition, the structure and 
various chemical properties of the technetium-thiourea complex was carried out by Abrams et al.'^ 
They prepared both the trichloride, hexakis (thiourea-S) technetium (lit) Clj(Te(tu-S)^Cl3], wh«r« t« 
stands for thiourea and the tetrafluoroborate, [Tc (tu-S),! (BF^) by reacting thiourea with 
pertechnetate in ethanol containing either HCl or HBF^. The abaorption spectrum in methanol 
showed peaks at 493 nm, 428 nm and 233 nm for both salts, but the absorptivity coefllcients were 
different. The fluoroborate showed consistently higher coefficients. The conductivities of the chloride 
in methanol and the tetrafluoro-borate in acetonitrile were those expected of 3:1 electrolytes. The 
magnetic moments were both about 2.7 \iB (p efT). The structure of the trichloride was determined . 
The technetium was aflpiroximately octahedrally coordinated by the six sulfur atoms of the thiourea 
ligands, which in turn were a I most planar. There was extensive H-bondtng throughout the solid 
structure, none to the sulfur atoms. 

The most important aspect of its chemistry for nuclear medicine is the ease with which the 
thiourea can be displaced by other ligands. In this sense the complex cation do«s for Tc (HI) and lower 
oxidation states what the halide complexes TcCl,' ' and TcOCl/ ' do for Tc (IV) and Tc (V) compound 
synthesis. Thus, the dichlorohts ( 1 .2 his (diphenylphosphino) ethane) technetium (III) chloride, ((Tc 
(diphos), CI,) CI 2H jO) was prepared in HCl methanol. The hexakis (t-buty I tsocyanide) technetium (1) 

(CA>2PCH,CH,P(C^5), 
diphos 



hexsfluophosphate and thehexakisltrimethylphosphite) keehnetium (I) hexafluophosphate were 
similarly prepared (with attendant reduction), as was an otherwise uneharacterized iXTPA complex, 
and the [Tc(NCS)J'' ' complex. 

Muenze and Grossmann reported that it was possible to form various Tc (III) complexes by 
ligand displacement of thiourea groups.^'* They also reported that the pentakis chloro complex of Tc 
(III) could react with dppe [(diphenylphosphino) ethane) to form [TcCI (dppe) ,)* in 0.48N HCl, and ata 
Tcdppe ratio of 1:13. In 0.96N HCl they found tetrakisdichloroTc (III) (i.e [TcL^ClJ') At much 
higher ratios ofTc to dppe they reported that TcCl,*' formed. In this research they isolated one 
prev iously known compound; (TcCl2(dppe)2)Cl. 

C. Aminocarboxylate Complexes 

The reduction of pertechnetate-99 by excess SnCI^ in the presence of DTPA produced a Tc (III) 
complex. This conclusion was based on a polarographic analysis of unreacted Sn ( II) The complex WSS 
not otherwise characterized. The chemistry of Tc (III) aminocarboxylate complexes involves Tc 
dimer formation, as Under has demonstrated, but the Tc (III) -O-Tc (III) compounds have not been 
investigatad as thoroughly as the mixed-valenoe Tc (UU- 0-Tc (IV) enUties. 

Russell and Spelser stitdied the electrochemistry of a number of aminocarboxylate complexes of 

technetium by polarography.'*'' The ligands included DTP.A, KDTA, ADAiN (2-acetamido) 
iminodiacetate) and HIDA (N-(2,6- dimethylphenylcarbamoylmethyl) iminodiacetic acid). In acid 
solution the electron number, n, was 4: Tc (III) was formed in all eases. The electron number gradually 
increased with increasing pH. Coulometry in a 3mM TcO^ solution at pH 6 with 0 1 M DTPA 
produced a brown color (presumably TcO^), but cutting the pertechnetate concentration in half showed 
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n = 4. Amperometric titrations with SnCI , were carried out on the various solutions with a dropping 
mercury electrode. The Sn (II) anodic wave was reported to give results concordant with the cathodic 
Te wave. In acid flolution. n valun between 3 ft 4 were found for DTPA, EDTA and ADA. In alkaline 
solutions of all the ligands, three electron reductions to To (IV) were found, as well as in neutral DTPA 
and EDTA solutions. The amperometric titrations in acid solution gave the same non-integral values 
of n at the end-points whieli had been reported by Stetgman et al in tlie direet titration of 
pertechnetate by SnCI^ in a pH4 solution of DTPA The more relevant information for 
radiopharmaceutical purposes would have been the n values obtained with an excess of SnCl,. The 
resuha ebtiJood in alkali thouU be aeeepted with caution beeause of the imtability of various DTPA 
and EDTA eompleiMS In baaie wlutiott.'''^^ 

D. Aeetylaeetone (acac) Complexes 

There are mixed ligand complexes of Tc (UI) which contain aeetylaeetone. All will be reported in 
this leetion although they eould readily be termed mixed phosphine complexes. 

The tris acac connplex (Tc (acac)^ was prepared by heating Tc Cl^ (PPh,) in aeetylaeetone under 
nitrogen for 18 hours.' ^ It is a dark violet solid, stable as crystals or in solution, soluble in polar 
organic solvents but poorly soluble in diethyl ether and in pentane. Its magnetic moment is about 2.7 
BM. suggesting that there are two unpaired electrons on the technetium, in a d^ conflguration. It is 
ixNweonducting in diehloromethane solution. There is a later report of a synthesis in which NH^TcO^ 
was refluxed in aeatylaceUme as solvenL No fiirther details are available.'^ 

The synthesis of various halo-acac complexes of Tc (IV) was described in the Tc (I V) section. 
The same reference contains synthesis of Hve mixed acac-halide or acac-triphenylphosphine complexes 
ofTc (III). In general these were prepared fromTc (IV) Cl^ (PPh ) , and acac under more forcing 
conditions of mole ratio and temperature than those used in the Tc (IV) mixed ligand preparations. 
The reactions are compticated, and different conditions produced different products. These include 
TcXj (acac) (PPh i red complexes which are stable in air but decompose in a number of organic 
solvents and have high magnetic moments ( peff. = 3.1-3.3 BM). The Tc X (acac)j(PPh ^compounds 
are yellow -orange, stable, soluble in manypolar solvents, and are non-conducting. The magnetic 
moments i\i eff = 2728BMlare those expected of a d* compound with an octahedral configuration. 
(The symbol .\ stands for CI or Br|. Details are given of three methods of synthesis: ( I) Tc Cl^ (PPhj)j 
and acac in benzene, (2) refluxing the same compound in acac, and (3) reacting (NH^)^Tc CI, with a 
solution of triphenylphosphine in aeetylaeetone as solvent. Compound characterixaUons were by IR 
and electronic spectra, chemical analysis, and magnetic moments. *^ 

Tc (X) (acac) . PPh has two cryitaUine forms The halogen is trans to the phosphine it was 
prepared by heating trans-letrachiorobis (triphenylphosphino) technetium (IV) in anhydrous acac. *''^ 
The technetium has a distorted octahedral configuration. 

E. Phosphine and Arsine Complexes 

All phosphine and arsine complexes of technetium (III) are mixed-ligandcomptexcs. The 
simplest of these are the arsine-halogen or phosphine-halogen compounds. 

I . Phosphine>Halegen and Arsine-Halog^n Conqilexes 

The first Te (III) compound of this type was isolated in 1999 by Ferguseon and Nyholm. ^* 

Following earlier work with rhenium, they reacted K TrCl with bis orthophrnyipnr his 
dimethylarsine in acidic aqueous alcohol, reducing and complexing the technetium to form trans- 
dichloro-bis (orthophenylene-bis-dimethylarsine) Tc (HI) chloride. This was the source of the 

correspondinc; trans dibromo bromide after reaction with LiBr in alcohol Similarly the bromo 
compound yielded the trans-diiodo iodide aAer treatment with Lil in the same solvent. The complexes 
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were stable Their magnetic moments were 2 7,3 2 and 3 4 RM respectively, pointing to ad* 
configuration (two unpaired electrons). It was concluded that they were 1 : 1 electrolytes from 
conductivity nManirements in idtroimtinne. 

The structures of the chloride and perchlorate salts of the trans-dichloro complex were 
determined firom X-ray diifraetion."**' Botli compounds show 6-coordinate technetium, with trans 

chloroligands, and with two almost co-planar o-phenylene bis (dimethylarsine 1 groups The Tc CI 
distance is virtually the same in these complexes, in (NH^),TcCl,and in Bu^N (TcOClJ - that is, in Tc 
(UI). Tc (IV) and Tc (V) halo complexes. 

Fergusaon and Nyholm reacted the orange Tc ( III) chloride with chlorine, changing it to a brown 
8<«oordinate Te (V) complex - [Tc (diarsL CI J ClO^."''^' The magnetic momtnt was 0.9 BM at room 
temperature. The conductivity in ocganic solvents was that of a 1: 1 electrolyte. 

The coordination and the structure of the pentavalent compound were determined by X-ray 
dlll^aetioa.'^'' The cation had dodecahedral coordination. The stability of the 8-coordinate 
complex was attributed to the formation of a closed-shell compound with IS valence electrons from one 
with an open-shell 16 electron arrangement'^ 

Phosphine complexes of Tc (III) were prepared by Fergusson and Hickford.'**^' They heated 
TcCl^ in ethanol with (bisdiphenylphosphine) ethane and obtained dichlorobis- 
(Usdiphenylphosphine) ethane-technetium (III) chloride. The red-orange compound had a magnetic 
moment of 2. 68 BM and showed the conductivity of a 1 t electrolyte in nitromethaoe. It was 
isomorphorus with the corresponding Re (III) complex. 

Mazzi ft al later reported that with a large excess (5 1) of dimethylphenylphosphine over 
pertechnetate in ethanol they obtained complexes of the type TcX^ (PMe^Phj^ (X = CI,Br) '*** It was 
concluded from the infrared spectra that the compounds had the mer configuration. Mer-trichloro tns 
(dimethylphenylphosphine) technetium (III) was prepared by reducing either NH^TcO^ or (NH.1, TcCl^ 
with the phosphine in ethanol.'^*"' Compounds were characterized by elemental analysis, magnetic 
susceptiiilUty, inftared and H-NMR spectroscopy, and X-ray diffraction. The technetium complex 
geometry was consistent with those of the corresponding trivalent Re.Os and Ir compounds The Tc 
coordination was distorted octahedral. Two pairs of like ligands were trans, leaving the remaining 
phosphorus atom trans to chlorine. 

Other Tc (III) phosphine complexes with different ligands were prepared by phosphine 
reduction of perteehnetate.'***' These included mer-tridilorotris (methyhUphenylplMMphine) 
technetium (HI), the tribromo compound and the trirhloro and tribromo completes of technetium (IID 
with (PEtPh)^. These were characterized by electronic and IR spectra and by elemental analysis. 
Prom this senes it was learned that the alky Idiphenytphosphine complexes of Tc (III) formed rsadily. 
but decomposed more quickly than the dialkylphenylphosphineanalogues. The diflerence in stability 
was attributed to steric effects of the ligands. 

Ferf^usson and Heveldt prepared [Tc''" CI fEt PhP) j among other complexes. They reacted 
TcCl,(Ph3P), with EtjPhP. The latter reduced the technetium to the (III) state, and displaced the 
tripheny Iphosphine ligand and a chlorine atom. A similar reduction procedure was later used to 
prepare the bis (1.2-dimethylphefl|ililne) ethane complex. (TcX^tdmpe),!' asthetrifluoromethane 
sulfonate salt.'^' 

Mazzi et al investigated the electrochemistry of technetium phosphine complexes in order to 
evaluate the effects of fl-acceptor ligands in acetonitrile. The first paper of this series examined the 
oxidation of TcCl , (PMe^Ph),.'^ On oxidation TcCl^ (PMe^Ph)^ was formed if NaCiO, was the 
supporting electrolyte, and [TcCl^ (PMe^Ph)jMeCNr CIO, was the product if n-Bu^N CIO, was the 
electrolyte. In either case it was assumed that the primary electrochemicalty formed species was 
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(TcCl ,(PMe.Ph)jl'CIO^ ' a Tc (IV) cation. If sodium ions were present, NaC! was precipitated and the 
final product was a Tc (III) complex, [TcClj (PMe, Ph) (MeCN)i ' ClO^" with traces of water acting as 
reduetant. and producing oxygen. In the presence of tlie quaternary ammonium perehlorate it was 
hypothesized that the initially formed Te (IV) cation renrted withdiloride ions (which originated in 
side reactions) to yield TcCl^ (PMe, Ph),. 

A second paper de!?cribed the reduction of halophosphine complexes The reduction of TcCl 
(PMe,Ph), in acetonitrile yielded [TcCl (PMe^Ph), (MeCN)J* CI-. following an initial electrochemical 
reduction. At a mere negative potential there was ftirther reduction. yieldingTcCI (PMe,Ph), 
(MeCN)j- that is , aTc (II) complex followed by a Tc (1) complex Thp reactions were believed to be of 
the e.c.e. type • i.e., a chemical step following and preceding electrochemical stepa.'^' The entry of 
acetonitrile moiecules and the oxpulsion of chloride liquids may involve the formation of a 7* 
coordinate Tc (II) compound as an intermediate Thedwmistry of these compounds is obviously 
complicated. With respect to the reduction of the Tc (IV) complex TcCl^ (PMe^Ph),, there is a 1- 
eleetron reduction, and the main product is TcCl, (PMe^Ph),. 

A large body of chemical information about mixed phosphine and arsine complexes of Tc (III) 
has been accumulated in the course of a search for cationic Tc complexes which might be useful in 
heart imaging These are of the type trans-[TcD,X„I* , in which D represents a chelating di phosphine 
ligand, and X represents a halogen. Libson, Barnett and Deutsch systematically investigated the 
synthesis of nine of these complexes, varying the nature of the phosphine or arsine ligand and of the 
halogen, and characterized the resulting compounds by a variety of techniques, including structural 
and electrochemical methods.'^' The halogen and halogen-like Uganda included CI, Br and SCN. The 
organic ligands included DPPB (1,2 bis-dipheny Iphosphino) ethane and several variants, DMPE (bis 
(l,2-dimethylpho8phino) ethane, and DIARS (o-phenylene bis (dimethylarsine)) The favored 
preparations involved the reduction of pertseluietate or TcX^' ~ by excess phosphine or arsine ligand. 
Struebtt^ aimlyria thowwd that in tlw DPPE oomplM tha tacMMtium wM eantra 
coordinated with 4 eituatorial phsaphoms atoms and two trans-axiat halogen atoms. 



/ \ ^ \ 

DMPE DIARS 



The electrochemistry of these compounds was carried out hy cyclic voltammelry in 
dimethylforroaroide (as Mazzi had shown), with gold, platinum and glassy carbon electrodes. It was 
concluded that complexes with Ct or Br were robust (i.e. hard to displace). The 6* values of the various 
complexes depended on the nature of both ligands The Br complexes were stronger oxidants than fhe 
CI compounds. Aryl substituents on phosphorus gave stronger oxidants than alkyl residues. Both the 
Tc (ni)-(II) and the Te (II)-(I) equilibria were reversible in this medium. There was no indication of a 
Tte(IV)mn)wave. 

A second paper dealt with the redox chemistry of the Te (III) D,X, ' cations (and the Tc(I)D^ ' 
cations) Spectroelectrochemistry was added to the usual electrochemical measurements. The Tc 
D^K, ' complexes in DMF showed two reversible changes, corresponding to two l-electron reversible 
reactions forming Tc (II) and Tc (t). Csnventional pulse polarography was also performed in aqueous 
solution for TcD,X, "'(Le., Tc (III) cation and Te (11) neutral product). The supporting electrolyte was 
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0 5 M KNO . The E* value in this solution was 0 122 volts (vs NHE) for the DMPE chloride and - 
0.016 volts for the dibromo complex. These values were much more positive, by several hundred 
millivolts, than the values expected from the measurements in DMP. In the case of the DBPE 
complexes, the difTerences were about 350 millivolts more positive than the values in DMF The 
differences were attributed to the insolubility in water of the reduced form, which would make it 
easier to radiice the TcOII) eonplex. Soch a fiMilitated reduction could be expected to tak*pl«co in 
biologiGal media as well. 

Even assuming that the reduction of the Te (III) complex and the re-oxidation of the Te (ID 

insoluble form together are reversible in the time frame of normal pulse polaroi?raphy, it does not 
follow that in the high dilution encountered in Tc-99m solutions and in the biological media (i.e. blood) 
the same considerations, i.e., reversible equilibrium influenced by the insolubility of one reactant-will 
apply. In the first pass the concentration of theTc (III) complex is about 10'*M. In subsequent passes 
it will be much less. The neutral Tc (II) complex may be soluble at those levels of concentration, which 
would make the reduction process more diifieult. There Is the possiblity that the insoluble Te (ID 
complex would be solubilized by proteins or eholate salts or similar solubilizing agents. In addition, 
the mechanisms of reduction by biological molecules (presumably those carrying sulfhydryl groups) 
are often complicated. In particular it is quite possible that the reduction by a thiol group, producing a 
thiol radical, may not be reversible. If this is the case, the insolubilitjroftheTc (II) complex in water 
will not contribute to rendering the reduction of theTc (III) complex easier. Adirectdemonstratioaof 
such a reduction could have been made. 

2. Phosphine-Schiff Base Complexes 

Nine compounds of Tc (III) with tertiary phosphines and SchifT bases were prepared and 
Studied.'^ The bases included (eeae), end), triee, en(2). brac,en (3) and sal,en(4): 



(1) N,N*-ethylene bis (acetylaeetone tminato) 

(2) N.N*.etfaylenebls(tert-butylaeetoacetateimiaato) 

(3) N,N'-ethylenebiB(3-bromoacetylacetoneiminato) 

(4) N,N^-ethylenebis(flalieylideneinunato). 

The preparations are described, and the crystal structure ofthe title compound was determined. 
TheTc (III) is octahedraily coordinated in the center with two N and two O atoms of the SchifT base in 
equatorial positions and two phosphorus atoms in the trans apical positions. 

The phosphine structures were also varied: triethyl, diethyl phenyl, diphenyl ethyl, and 
triphenyl were studied. Spectra, analyses and polarographicbehaviornvere recorded. B* values in 

acelonitrilc werp dntcrmined by cyclic voltammetry, using a silver silver chloride reference electrode. 
The E values ranged from-1.050 volte to -0.670 volte in the series for the reduction Tc (III) -»Tc (II). 
With a glassy carbon electrode, the reactions were not quite eleetroehemically reversible. 

In a related study, eight similar compounds with the same tetradentate SchifT bases and 
si ightly different phosphines were studied in propylene carbonate solution by cyclic voltammetry. 

Here all compounds showed reversible behavior on platinum for both the oxidation to Tc ((IV') and the 
reduction to Tc (II). The reduction potentials ranged from 1. 103V (vs Ag-AgCI/3M NaCUfor the trans 
(Te P (Bt),(acac ,en)r to -0.093 V for trans (Te ( P6t Ph .) (Sal^en )] * . The dilRirenees were evaluated in 
terms of n acidity and o donor ability There is no indication ofthe suitability ofthe more difRcult-U^ 
reduce Tc (III) complexes for heart imaging although the myocardial washout is decreased.^'"*' 
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3. Mixfld Phosphint - ThioCoiD|>l«xn 

A mixed eomplex of Tc (III) oontainingtechnetiuni-ialAir bonds was prepared by Lorens and 

Schmidt They reacted the trichlorotris dimethylphenylphosphine technetium (III) complex in 
acetone with NaS^CNEt, • SH^O (sodium diethyldithiocarbamate) and displaced the three halogen 
atrnns and two of uie phosphine Uganda. The new complex • tris (diethyl (dithlocarbamato) - dimethyl 
phenyl-phosphine technetium (III) was characterized by X ray diffraction and IR, electronic and H- 
NMR spectroscopy. Its coordination number is 7. The configuration was pentagonal- bipyramidal. A 
limilar compound was obtained from the reaction between liie same starting Tc (III) complex and 1 ,2- 
dioranoethylenedithiolate in acetone, and was precipitated as the tetraphenyl-arsoniumsalt. The 
detailed reactions and the crystal structure of tiie first complex were reported in another paper.*'"' 
Two dithioearbamate Uganda are in the e<tuatorial plane and the tiilrd ligand has one S atom in the 
equatorial and the second S atom in an axial position. The Tc-P distance, 2.330 A, is much shorter 
than that encountered in other phosphine complexes. The complex is easily oxidized by dissolving it in 
acetone and adding concentrated HCI."*'* The oxidized product was isolated as the hexafluoro 
phoqibate salt of the Tc (IV) cation, which apparently maintained the 7-coordinate chemistry after tha 
oxidation. In acetone this salt showed the conductivi^ ciuuracteristic of a 1:1 electrolyte in that 
medium. 

4. Mixed Phosphine - Carbon Monoxide Complexea 

Mixed Tc (III) phosphonit complexes containing carbon monoxide were prepared from existing 

tertiary phosphine complexes or similar compounds.'^'^' The reference deals with phosphonite rather 
than phosphine complexes, but the chemistries are similar; they are both reducing agents and 
complexing agents for technetium. Mazzi et al refluxed an ethanol solution of the mer tToCl, (PMe , 
Ph)j| complex under CO at 1 atmosphere, and obtained the first Tc C , 7 coordinate compound [TcCl, 
(CO) (PMe^Ph) J. The pale yellow complex is stable in air, and is soluble :n polar solvents. The 
proifectad eoorunatkm nunrit»er was later coofinned.""* 

5. Mixed Hydrido - Phosphine Complexes 

A mixed hydride-phosphine-chloro complex of technetium (III) has been reported."'*' {TcCljLjJ 
(L= 1,2-bis diphenylphosphino ethanej was refluxed with LiAlH^ in tetrahydrofuran under an argon 
atmosphere for 30 hours. The addition of ethanel precipitated yellow crystals. The complex was 
characterized by elemental analysis, IR spectra and proton NMR. The IR spectrum showed bandsat 
1775 cm '' and 1851 cm~^ which were assigned to Tc-H stretching vibrations. The NMR pattern 
afaowed hydride H atema at •6.9ppm. Hie cmnpcrand was assigned the compositiim (H,C1 L^Tc (IID). 
The reaction was explained as the replacement of chloride by one hydride, and the addition of a second 
atom of hydrogen to the metal. The technetium appears to be 7-coordinate, which is known to be the 
ease for the corresponding rhenium eofnpottnd.'"^ 

F. Cyanide Complexes 

Potassium heptacyanotechnetate (III) was prepared from (XH^),TcI^ in methanol and aQUaOttS 
KCN, in the absence of air, ^'^ in the same manner as the rhenium complex. The reduction is 
presumed to be due to the iodide ion. A yellow-orange crystalline solid. KTefCN). 2H,0,was 
obtained It was the second 7-coordinate technetium complex reported. * Its coordination geometry 
was deduced from an analysis of its IR and Raman spectra. It was concluded that it was a pentagonal 
btpyramid, unlike the previously reported seven-eoordinate Tc (m) complex, which was a monocapped 
octahedron. The cyanide complex is diamagnetic. It undergoes slow decomposition in oxygen- 
conuining water. On recrystallization from aerobic methanol-water solution the product is K,TcO 
(CN), 4H,0. a Te ( V) complex. 
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G. ThiocyanateComptoMS 

The analytieal section has an aatenaive discussion of the Te (V) - IV) and -(III) thiocyanate 

complexes. A detailed study of the Tc (OJ) and - (IV) compounds, including their structures, was 
carried out.'"' The tetra-n-butylanunoniuin hexakis (isothiocyanato) technetate (III) was prepared 
reducing (NH^) TcBr^ in methanol with hydrazine hydrate in the presence of NH^SCN, followed by 
precipitation aftha air-sensitive quaternary ammiHiium salt.'^" This is the same procedure which 
eras used in an earlier report, in which the complex was mistakenly described as a seven-coordinate 
compound. ■-• iBu^N)^ (Tc(SCN')jl has a magnetic moment of 3.0 - 3.3 BM at room temperature. The 
COnduetiviQr in aeatonitrile is that expected of a 3 : 1 e lectrolyte The cathodic half- wave potential in 
the same solvent was - 1 .09 volts versus standard calomel, and was irreversible, whereas the anodic 
potential was reversible at + 0.18 volts. The principal electronic band was at 403 nm in methanol 
(e= 19,400 ML'^cm'M and was shifted to 412 nminacetonitrile (e = 25,800). TheTc (III) complex 
could be oxidized to the Tc (IV) state by thiocyanogen or by NO X-ray diffraction showed that the Tc 
atom in the quaternary ammonium salt had approximately octahedral symmetry. The organic cations 
are padcad in a roughly body - centarad arrangement. The six Tc-N distaneea are 2.04 or 2.05 A. 

H. Oxime Complexes of Technetium (III) 

Unlike rTiOst of the technetium chemical literature, in which similar work had already been 
carried out on rhenivun compounds, there is very little on the reactions of rhenium compounds with 
oxiniM, except for analjrtical determinations. A number of speetr op hotometric analytical procedures 
based on the reduction of perrhenate, usually by acid SnCl, in the presence of oximes, are in the 
literature, but there are few investigations of composition, oxidation state, etc. Meloche et al, working 
with a-fiiiildioxime. reported that Re (IV) did not react with the oxime unless SnCl, waa added, and 
that an electroljrtic reduction of perrhenate in the presence of the oxime was ineffective, as were a 
number of reducing agents other than SnCl,.'^"' Narayanan and Umland examined the st o ic h io me try 
of the reaction between SnCl, and reduced perrhenate in the presence of dimethylglyoxima.'"** They 
concluded that in 1 : 1 methanol-acetic acid solution there were three DMG moieties per rhenium, but 
that in aqueous HCl the stoichiometry was 2:1. In the light of more recent technetium investigations, 
the latter value is dubious. Apart from a number of successful assays for rhenium with various 
oximes (and gll used acidic SnCl, solutions!), tiiare wore no additional investications on avan the 
atoichioBietries of the formed complexea. 

There have been several assays for technetium based on oxime eomplexation. The first 

more complete investigation of the reaction between reduced technetium and dimethylglyoxime in the 
presence of SnCl, was reported by Oeutsch et al. These workers had obtained both a yellow and a 
brown crystalline compound by reaedng SnCl, in HCl with partachnetata in 95% ethanol saturated 
with din-iethylglyoxime. After several weeks at room temperature less than a milli?rrani of the yellow 
product was obtained. This showed the Tc:Sn:Cl ratio to be 1: 1:3; the diffraction pattern showed the Tc 
and Sn atoms joined by an oxygen bridge, and two N-0 bridges. The tedmetfaim was 7 - coordinate, 
and the tin had octahedral coordination. The tin was believed to be in the 'IV) state, and the 
technetium was thought to be Tc ( V). In eifect, the tin served to cap the trigonal prismatic structure 
around tita technetium. This capping explains the findii^s «t Melocha at al, tliat SnCl, waa unique 
anoog the radueing agents in the formation of a reduced perrlianata ccunidex with a-furildioxiflM.'*"' 

The same Te complex was re-investigated by Under et al *^ as part of a more general inquiry 

into technetium dioxime complexes capped with various derivatives of boric acid. They found that 
they could prepare the same complex reported by Oeutsch et al, but in good (50%) y ie Id simply by 
adding two equivalents of SnCl, to a refluxing HCl-alcohot solution of DMO and NH^TcO^. The 
complex is diamagnetic, as previously reported, and is neutral. These workers concluded, however, 
that it was not a Tc t V) complex, but rather a Tc(III) compound. The mass spectral analysis (FAB 
spectrum) showed a strong molecular ion with a major peak at ta/c of 685. This corresponds to a Te (III) 
compound with 4 protons for charge balance. If it ware aTc (V) compound it would require only two 
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protons for charge balance, with m/e = 683. This was not seen. While it is possible that the Tc (V) 
oompound was rMdily reduced in the mass spectrometer, chemical reaction pointed to a Tc (III) 
complex. In the absence of redodng agents, the complexis readily dianged toother Tc (III) onne 
species, including TcCl (DMG)^ and TcCl (DMG), BR (BR stands for boronic aryl or alkyl acids). 
Finally, if the Tc (III) complex TcCl (DMG), is treated mth SnCl, in etbanol, the original compound, Te 
(DMG), p-OH SnCl,, is quantitatively reformed. 

Research at the Squibb Institute for Medical Research has produced a class of neutral 
technetium (III) compounds derived from tris oxime complexes, and capped with boronic acids. The 
compounds, whose Tc-99m analogs show brain or heart iq>take, are called BATO's (for boronic acid 
adducts of technetium dioxime complexes.)'"^ The compounds included [Bis[l,2-cyclohexanedione 
dioximate (l-l-OJ - (1,'2-cyciohexanedione dioximate (2-)-0] boralo (2-X,N ,X ,X ,N~,N~1- 
chlorotechnetium ( SQ 32014) and Bis [1,2-cyclohexandione dioximato (1-) -0| [1,2 - cyclohexane- 
dionedioximato (2-) -O] methvDborato (2 ) X.N ,N' .N ",N ',N ")-chlorotechnetium fSQ 30,217), in both 
of which the dioxime was cyclohexanedione dioxime. A later arrival. SQ 32,097, was based on 
dimethylglyoxine: (Bis(2,3-butanedionedioximato (l-)-Ol- (2,3-buUnedione-dioximato (2-)OI2- 
methy], 1-propyI borato (2 ) X,.\ ,X ,X",X"".N""1— chlorotechnetium The complexes were 
characterized by X-ray crystallography, conductivity, elemental analysis, HPLC, infra-red. NMRand 
UV-visible Spectra, lipophilleity, and a wide-variety of mass spectra. In ttie cyclohexanedione 
complexes, the technetium was coordinated to 3 X b^nded dioxime molecules, and to one CI atom in an 
axial position. The technetium has a monocapped distorted trigonal prismatic geometry. At one end 
of the molecule the dioxin* groups are held tofstfaer ^ a pn>tim hri^ in which 2 H atoms ^ 
by 3 O atoms. The other end of the molecule is held together by a methylboron cap through the 
remaining 3 O atoms of the oxime groups. The dimethylglyoximate complex, which was also 
exhaustively chaxifiterised, is quite similar in structure to the other two, wi 
atom capped with boron at one end, and holding 2 proton bridges at the other end.'*** 

The preparatim of these complexes involved a tsmplate qrnthcsis in wliich tlie dioxime, the 
boronic acid derivative, perteehnetate and Uie reducing agent (usually Sn'*) are combined to produce 

theBATO: 



In more recent work, neutral intermediates were found to form in the absence of boronic acids:' 



HX 



TcOs'-t' 3 dioxime + (H0)2BR 2SnCl2 



^ TcX(dioxime)3BR 



EtOH 



TcOs' + 3 dioxime -i- 2SnCl2 



EtOH 



Tc(oxime)3(iiOH)SnCl3 



HO 
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The tin serves as a cap. In the absence of tin, the complexes are unstable. In acid solution without 
excess stannous ion, the tin cap is lost , and the neutral Tc (III) complex, TcCl (oxime),, is formed: 

EtOH 

TcCI(oxime)3(ii-OH)SnCl3 » TcCI(oMme)3 



The DMG complex, TcCl (DMG),, has been characterized by X-ray crystallography. It is a 7-coordinate 
iMiitnl Tc(IID compound. Bithor tin-free trie oritte complex ie reedily converted to the Tedll) BATO 
complex 1^ treatment with a biMwnic add: 

HCI 

TcCl (oxime)3 -t- (OH), BR » Tc Cl( oxime), BR 

^ EtOH ' 



The tin-capped oxime complexes are also readily converted to the corresponding BATO 
complexes by reaction with a boronic acid. This suggests the following reaction scheme: 

Sn^*, oxime 

TcO^* » Tc(oxime),(ii-OH)SnCl3-^TcCI (oxime)3 



The BATO complexes are robust that is they are resistant to oxidation, reduction or metal 
exchange. However, ihe axial chloride is readily replaced in water by a hydroxy group. The rates of 
exchange of four complexes were determined in three aolutions of different pH( all , however, near 7) 
andat two temperatures fboth near room temperature) The exchange rate is measured in minutes 
to slightly more than one hour for the half-times, suggesting that the interchange does not take place 
immwliatelyon injection. 

The hydroxy compound in general resembles the parent chloro compound, except for decreased 
lipophilicity. 
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The complexes of Tc (II) ( and ofTc (I) ) are characterized by the same metal-to-metal bond 
formation seen in some Tc (III) compounds, by the facile redox interconvertibility in one or both 
directions and by their stabilization in the low oxidation states through n back-bonding by n acceptor 
ligUMb lika NO, CO, and pfaiMphonia and araeniG eompoundB. 

A. Chloro Complexes and Related Compounds 

The preceding section has already dealt with the formation and some chemical properties of Tc 
(III) and Tc (II), (III) in Tc Tc compounds. A chloride of lower oxidation state was first prepared by 
Eakins, Humphreys and Mellish by radueing NH^TcCX with zinc metal in hot, concentrated HCl. 
They obtained (NH^)^ TCjCI^, whose structure and Tc-Tc bond distance were established by Cotton and 
Bratten.'""' These authors oxidized the compound directly to a salt of the TcCl,' ' anion. There was no 
evidenea of a stable intarmediata. Tlia on« alaetron in excess of a stable (8-alaetron) quadrupla Te*Tc 
bond has proved to be difficult to remove, so that the Tc^Cl anion has not yet been produced. One 
ditechnetium (III) compound with a quadruple bond - Tc, (O^CCCMe^j^Cl,- was synthesized in very 
small yield."*" An attempt to produce a similar eompound was undertaken by reaieting(NH JjTc^Cl, 
with 2 hydroxypyridine. The resulting uncharged compound was insoluble inall solvents which 
were tried, but had the Tc oxidation state 2.5 and the bond order 3.5. 

The structure ofKTc CI/nHjO was solvpd in 1975 ^' TheTc CI,'" anion has a structure 
similar to Re^CU . Four chlorine atoms and one technetium atom make up the coordination sphere of 
each Tc atom, wnieh is a square pyramid. Each Te atom has a vacant axial coordination site. The 
compound is isostnietural with the previously reported (NH^),Tc^Cl,.2H,0. 

B. Phosphtne and Arslne Complexes 

The di-o-phenylenebis (dimethylarsino) diiodo complex of Tc (II) was obtained by Fergusson and 
Nyholm in 1959.'*"' They reacted the corresponding Tc (III) complex. (Tc " (dit-arsine)JJ* I" with 
SO,, or refluxed it in ethanol. They obtained brownttystals whose magnetic moment (p ml was 
approximately 3.0. It was isomorphous with the correspondiog rhenium complex. It was a non- 
electrolyte in both nitromethane and nitrobenzene. 

Fergusson and Hickford preparedTc (II) complexes of l.2-bis- (diphenylphosphino) ethane 
(dppe) of the type ITc (dppel^ in which X represents Br or CI. These were prepared by reducing 
thecorraspsadingTc (ni) complexes with sodium borohydride in alcohol-water solution. The 
magnetic momenta were 2.05 (CI) and 2.28 (Br). Both Tc (ID complexes (i.e.. Br 4 CD were soluble in 
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benzene and in DM F The chloro compound was only iliBhllywlubb in wmter. HNO, easily oxidiMd 
the two compounds to the trivalent Gomplex«». 

Libson, Barnett and Deutsch systematically investigated the spectral and electrochemical 
properties of the Tc (III) and Tc (II) complexes of the arsines and phosphines reported above, and also 
prepared the [Tc° (DPPE), (NCS)^*' complex. The latter complex was unusual in that it was stable, 
unlike its chloro - andbromo- analogues, which are more stable in the Te (HI) state This was also 
examined by Bandoli et al, who worked out the crystal structure of the compound and established that 
the NCS ligands were N-bonded and not S-bonded to the metal. This bonding was in apparent 
contradiciion to the principle of symbiosis which states that in octahedral complexes the preaenoeof 
soft ligands should promote the addition of other soft ligands (-SCN bonding rather than-N'CS 
bonding). However, exceptions to this rule have been observed.'"* The reasons for these 
exceptions are not well understood. The importance of the thiocyanato complex is that its stability 
emphasizes the importance of n-electron back-bonding (from technetium! in the stabilization of lows^ 
valent technetium complexes, and it does so more efficiently than the corresponding CI and Br 
compounds. Thus, the E* values for llie Tc (fllVTe (It) reductions in DM P are -0.001, 0.103 and 0.372 
volts versus the Ag Ag€! electrode for the CI, Br and NCS complexes respectively. This explains why 
the Tc (U) isothiocyanato complex is stable in air, and can be further reduced to the Tc (1) complex, 
unlike the CI end Br eemplexes. The latter Tc (ill oompleites are easily airKMcidiied, and shew no 
indication that they will form their Tc (I) enakcues. 

C. Nitrosyl Complexes 

A green nitrosyl complex of Tc (U) - trans-[Tc(NH,)^ (NO)(H OllCl was prepared by the eerie 
oiddation in 2M HCIO^ of the corresponding pink Tc (I) complex which is described below. There is 

indirect evidence that the pKa of the coordinated water is about 2. Only the chloride salt has been 
obtained as a solid. Apparently the amine ligands can be easily displaced in this compound. 

A nitrosyl complex compound, Bu^N * tTc(NO)(Br^)l" , has been prepared by reacting 
TcO, XH,0 with NO in 4M HBr.^^' It is possible to use the bromooomplex in the synthesis of the 
chloro- and thiocyanato complexes. 
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Technetiuiii (I) Complexes 



A. Nitrosyl Complexes 

The compound which was initially reported as (Tc (NH^OH) (NH,)^ HjOlCl , was shown to be 
[Tc (NOKNH J^ijLOlCl,.'"*' The charge on the cation is -t- 2, but the interpretation of the Tc valence is 
that this is a Te (n complex and that the NO grou p can be treated as a linear (NO)* component. The Tc 
(I) state was strongly stabilized by back donation of n electrons to the nitrosyl group. The compound, 
which is pink, has electronic absorption bands at 487. 358, 305, 283 and 233 nm. The pKa of the H,0 
group is 7.3, pointing again to the reduction of electron density in the technetium. The compound 
daeompoMB in alkaline loliition. The amine groupa are very difficult to aquata. even in acid aolution. 

The assignment of the + 1 oxidation state to the technetium is largely a matter of choice, 
arising from the atnicture of the complex, the short Tc-NOdistanee, the long N-Obonddiatanca, and 
the low IR frequency of tha nitroayl group (1680cin ~ ^ ). 

Additional nitrosyl complaxes have been prepared. The previously synthesitedl Te 
(CNCMBj) ICl or PF^ was converted to the nitrate salt. This was then treated with concentrated 
HNO in glacial acetic acid to yield ITc (NO) (NCCMej) J* as the PF^salt. Alternatively NOPF, was 
added to an aeetonitrile aolution of the hexakit iionitri w compound. 

The tetra-n-butylamrooniumsalt, Bu^N (Tc(NO)Br J, was prepared and reacted in air-free 
methanol with t-butyllsoeyanide. A33«yieldofTc(NO)Br,(CNCMe,), wasohUinod. Thocrystal 
structure showed that the technetium was 6-coordinate, with the three isonitrile ligands meridional to 
one another. The two bromine atoms were trans to each other, and one of the isonitrile ligands was 
trans to the almost linear NO (hence NO*^) ligand. The Tc-N-0 bond angle was almost linear and the 
Tc-NO bond length was 1 726A, quite close to the I 72 A distance reported by Armstrong .ind 
Taube. The N-0 bond length was about 0.06 A shorter than that reported by them, suggesting that 
n back-bonding was less important than in their ease. The author points out that it Is peasiblo to 
formulate the complex as Tc (I) - NO* or asTe(ni) - NO; however, the latter demands a bent N-Obond 
in contrast to the linear NO*. 

B. Organomatallic Complaxes 

The dibenzenetechnetium (I) complex of Tc-99 was prepared by Palm, Fischer and 
Baumgaertner using a direct synthesis^"*' rather than by the decay of the corresponding ''Mo 

compound, which produced the Tc-99m cation. TcCl^ was heated in a sealed system with 

aluminum powder and AlCl., in benzene at 1 30 C for 2 days. The product, presumably a salt of AlCl^', 
waahydrolyzed first in methanol and then in cool water, and the complex cation was precipitated firom 
water as the PF salt The yield was only about 1% After reprecipitation from acetone-ether it was 
characterized in several ways. The electronic absorption maximum was at 400 nm (log c - 2), it melted 
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with decomposition at 250'C, it was stable in air, did not react with acids or bases, and it was 
diamagnetic. The IR spectrum was practically identical with that of the corresponding rhenium 
compound, writh which it was iaomorphous. 

Fischer and Schmidt synthesized and characterized dicyclopentadienyl technetium hydride.'^*' 
Cyclopentadienyl sodium was added to Tc Cl^ in tetrahydrofuran at • 50'C. The system was warmed to 
room temperature. NaBH^ was added and the mixture was heated The reaction produced (C H,). TcH, 
which was characterized by mass spectroscopy and by NMR. The compound reacted with HCi in water 
to form the dihydradicyclopentadienyl technetium (D chloride. The c^On ceuU be precipitated by 
NaPP,. The diloride reacted with NaOH to reBemrate the liydride compound. 

Additional syntheses were carried out by Fischer and Schmidt"** They treated benzene or 

hexamethylbenzene with TcCl in the presence of a mixture of Al and AICI3, and finally precipitated 
the cations ((C^H ) Tc' or (CjMe,),Tc* j with NaPF^. The compounds were reduced with Li AlH, in 
(MeOCH ), to yield C,H,TcC,H, and C,Me,TcC,Me,H respectively. They were yellow diamagnetic 
oompounds. 

It was noted that TcCl^ -t- NaCjH^ in the presence of iNaBH^ yielded C^H^TcH. 
C. Carbonyl Complexas 

The carbMiyl complexes of Tc (I) are mixed complexes. Syntheses of technetium 

carbonylhalides were performed hy reactinfj technetium (O) carbonyl with chlorine or with bromine in 
CCl^'^' The reactions produced dimers directly or after heating. These dimers had the composition 
(Tc(CO),X] . They couM be converted to the monomer (Tc(CO),X) by treatment with CO at 1000 pet 
and at 100 C for 40 hours In turn thepentacarbaoyl haiidos could be converted to the dimers by 
heating in air at 100' for 24 hours. 

The iodide was qrnthesiied by reacting Tc, (C0)„ directly with I, at 100' in sealed ampoules. 

The halocarbonyls of Tb (I) have been usefVil as starting reagents fi»r some organometailie 

complexes. Thus, Palm, Fischer and Baumgaertner reacted the chlorocarb<3nyl complex of technetium 
with cyclopentadienyl sodium to yield mostly C.H Tc (CO)..'^*' The compound melted at 67.5 . It had 
an absorption maximum at 274 nm c s 3.09). In turn this complex was reactad with bansoyl 
chloride in the presence of AlCl^ toyle]dC^H,COC,H,Tc (CO),.***^ The compound was purified 
by sublimation in a high vacuum. 

Kaden et al prepared a variety of Tc (I) mixed carbonyl complexes by reacting Tc (CO)^Br with 
various ligands ^ Thus, the carbonyl bromide was refluxed in acetonitrile and on the addition of 
NH^PF^, Ag .N'O , alcohol and water, a new compound was formed and then extracted with methylene 
chloride It corresponded to (Tc(CO)^(CH C.N ) jPF^ It was characterized by its IR spectrum. Other 
ligands produced fac (Tc (CO)/m-NaO,SC.H,^>Ph ") ]PF from thp reaction between NaO SC H PPh, 
and the acetonitrile complex. With PPh tiiey obtained lTc(CO)^CH CMPPh^jJPF, and with Me^PhP, 
in CHCl,they reported Tc(CO)3CI(Me2PhP)2. The N .MR spectra of Uie various complexes were 
measured in preparation for a brooder investigation.'^^' 

Tsutsui et al had discovered tlwt it was peeeible to insert metals into porphyrins by reacting the 

latter with metal rarbonyls With this technique they prepared a series of metal loporphyrin 
complexes of technetium (1). Tc.(CO)^ was reacted with various porphyrin compounds in decalin 
at an elevated temperature. One sweh porphyrin was monohsrdrogen mesoporphyrin IX dimethyl 
esterato (H MPIXDME) Solids were isolated and analyzed and their structures were determined. 
They are Tc (1) compounds. Two metal atoms are bonded to the porphyrin, one above and one below the 
plane of the porphyrin. Each technetium is bonded to three nitrogen atoms and to three carbon 
monoxide molecules. In these bimetallic compounds the porphyrin behave liko a hexadentate ligand. 
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It is also poMibI* to prtpan monoiMtaUk compoutuis in which the porphyrin behaves like a tridentate 

ligand. 

Tc (I) carbonyl-conlaining complexes could be prepared by react ingTcdll) phosphine complexes 
with carbon monoxide. The Tc (III) complexes (TcXj(P(OEt).Phg Yin which X = CI, Br or I. and 
Y isCr, I" BPh^" and CIO ", were prepared by reacting (NH fcX, with excess diethyl phenyl 
phosphonite in ethanot. Cthanol solutions of these complexes take up CO in the order CI < Br < I. Both 
cis and trans isomers are formed, in the ratio 40:60. A cis isomer - [Tc (CO)^L^j ' ClO^ was studied 
crystal lographically. The structure has discrete monomeric octaheflral cations of cis- (TclCO), 
P(OEt),Ph)J* with some diatortion. 

Similar syntheses of mixed carbonyl-phosphine complexes by reaction of Tc (III) phosphine 
compounds with carbon monoxide have been carried out. The voltametricbehaviorofTcCl (CO)j 
(PMejPh)j and of TcCUCO)j(PMe Ph) was studied in acetonitrile."^' Both compounds undergo a 2- 
electron oxidation (forming Tc (ill) complexes). 

Pseudo-allyl ligands like the triazenido group were incorporated in phosphine carbon 
monoxide-chloride complexes of Tc (I) by displacing the halogen. '* The inlermediale compounds ■ Tc 
(nie^Ph), (CO), 01 and Tc (PPh.,), (CO), CI- were added to a mixture of a dried hexane solution ofn- 
butyl lithium and a dried benzene solution of Ar NHX NAr under nitrogen, and refluxed for three 
hours, ( Ar is an aromatic residue ■ C H or CH C H , or pClC^H^. X = N, or C (CH ) forming (Tc 
(PMe Ph), (CO) (p-CH C H .\' -N-NC.H CH )landlTc(PMe,Ph). (CO), (C H N' C(CH.) NC H )]. 
The addition of ethanol produced a yellow solid which was analyzed by X-ray diffraction after 
recrystallization. The structure showed two cis-CQ groups, two axial PMe^Ph groups and the chelate 
ligand which formed a 4-memb«red ring with the metal. The ligands were coordinated in bidentate 
fashion. There was some deformation from an octahedral stnicture caused by the small bite of the 
ligands. 

The authors believed that there was complete deloealisation of then systems of the two anions. 

D. Hexacyano Complexes 

A hexacyanotechnetate (I) salt was prepared by Herr and Schwochau (loc cit) and investigated 
in more detail."*" It was prepared by reducing either a pertechnetate salt or a (Tc(OH)^ (CN) J* ' salt 
with potassium amalgam in the presence of KCN. An olive-green solid was obtained. Its formula was 
deduced from that of the Re species because of the similarities in the electronic spectra of the two 
salts. In addition, the infrared spectra of K^Tc (CN)^ and of K^Re(CN) were virtually identical. 
Finally, the X-ray diffraction patterns of the technetium complex, of K,Re(CN')^and K,Mn(CN), were 
superimposable. 

The technetium complex, like the other two, has a rare gas electronic configuration. 
Nevertheless, it is oxidised in air. Higher -vaient technetium cyanide complexes are formed. 

E. Isonitriles 

The first reported isonitrile complex of technetium was the hexakis ( tert-butyl Isocyanide) 
technetium (I) hexafluorophosphate, which was sjmthesixed from hexekis (thiourea*S) technetium 
(III) chloride by fraction with tert-butylisocyanide in methanol under reflux A later synthesis of 
isonitrile complexes was based on the reduction of pertechnetate-99 by alkaline sodium dithiontte in 
the presence of the ligand in an ethanol-water mixture. *^ This fadle synthesis of Tc<t) complexes 
from pertechnetate was extended to the tert butyl, methyl, cyclohexyl and phenyl isocyanide 
compounds. All (as the hexafluophosphates) were characterised by elemental analysis, electronic. 
Infrared and proton magnetic resonance, conductance, cyclic voltametry and field destnption mass 
spectrometry. The various compounds were stable in air and water, were soluble in polar organic 
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wlventi, and thowwl the conductance expected of 1 : 1 electrolytes in acetonitrile solution. The alkyi 
complexes exhibited a reversible 1-electron oxidation at 0 82-0.88 V vs. SCE in acetonitrile. That of 
the aryl complex was at 1. 18 V vs. SCE. The direct synthesis from pertechnetate also made it possible 
to prepare the compleMe et the 10~*-10~*M level with M^e. 

Another method of synthesis of the hexakis isonitrile complexes of Tc(I) was reported by Kennedy and 
Pinkerton.'**^ This involved the prior synthesis by electrolytic or chemical reduction of formate, 
acetate or pivalate compiexesoftcchnetium, whoeeoxidised form WS8 reacted with the hoxskis 

isocyanide reagents. 

TheTctt) oxidation state is achieved with isonitriles because of the nature of the ligand In the 
forinal sense, the carbon atoms are divalent. This makes it possible for the lone electron pair to form a 
o-type donor bond to metal ions. If the metal ion has filled d-orbitals which can overlap with low, 
empty, antibonding orbitals of the attached ligand atom, a n type bond may also form Such a back- 
donating bond can reduce the negative charge on the metal which had been (HtKluced by the donor 
bond. Back donation inenases as the positive charge on the complex dscreases. In this sense, 
isocyanides wil I behave like carbon numoKide. in that low oxidation states of metals will be 
BtabUised;^ 

F. OtherComplexcsorTc(I)andTcai) 

When SjCl, in CH^Ci was reacted with dichloro (nitrido) tris (dimethylphenylphosphine) 
technetium (V), thionitrosyl complexes of Tc (I) and Tc (II) were obtained.'"^' At room temperature, 
with stoichiometric proportions of S^CI^ and the nitrido complex, the Tc (I) complex is formed; 
Tc(NS)CMMe PhP)j. If SnCl is in excess and the mixture is refluxed, the main product is the Tc (ID 
complex: Tc (NS) CI, (Me^PhP)^. The N S stretch is quite strong in both theTc-I andTc-II compounds, 
at ll77cm~'forTcU)andatl240cm-'forTc(U). The Tc (I) complex melts at 141443^, the other at 
144-149'. 
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Complexes of Tc(0) 



A. Diteehiwtium Oeeaearbonyl Complexes 

The main ( and perhaps the only) Te (O) complex is Tc^(CO) , diteehnetium decaearfaonyl. It 

was prepared by heating Tc^O. in CO at 250 atmospheres at 275'C Tor 12 hours or at 220* and 
3000 lbs/in'' CO pressure for 20 hours. It can be purified by sublimation, yielding colorless crystals 
which melt at tS9^-160"C. It decomposes slowly in air. It was characterized initially by its IR 
spectrum, which showed three distinct carbonyl bonds. Its crystal structure showed that it was 
iaomorphous with Mn,(CO)^^ and Re (CO)^^.'^' In the solid each metal atom isoctahedrally 
eoonlifiatafl to S carbony 1 groups ana to the other metal atom. The equatorial carbons are in a 
staggsred configuration. 

B. Technetium Dinitrogen Complexes 

Technetium dinitrogen complexes were prepared by the reduction of TcCl^ (PPh^),, The 
parent complex was treated with 2% sodium amalgam in benzene under nitrogen, with tKe addition of 
1,2-bis diphenylphosphinoethane. Ailer ten hours the new complex wascrystallized from benzene 
The yellow-brown crystals dissolved readily in benzene and toluene, but poorly in hexane andethanol. 
The complex was Tc (diphos)^. The authors believe that it has a Tc-N ■ .N' bond with linear 
coordination, from its infrared spectrum The technetium Is 5-eoordinate. The Tc oxidation state may 
Hp ze ro , because somo corresponding Re (I) compleses have no eleetrical charge if there is one 01 in the 
complex. 

mer - [Re (P (OMe),), CI (CNSIe) (N,)]. 

The oxidation state of the technetium is undoubtedly low This is probably due tO then - 
accepting ability of the moiety.'^' That is, M-N ■ N is very much like .M-C = 0. 
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Tc-99in Radiopharmaceutical Preparations 



There are hundreds of articles in the literature which deal with Tc-99in radiopharmaceutical 
preparations. They are too numerous to analyze and to discuss. This section will be limited to several 
topics of chemical interest: some general considerations about all Tc-99m preparations, several 
methods of determining some featxire of technetium chenittry mt the tracer level, and adiscvasion of 
labeling proteins-albumin, antibodies. etc.-with Tc-99m. 

A. General Considerations 

The chemistry of Tc-99m radiopharmaceuticals is one of extremely dilute solutions. It is 
complicated by the inevitable presence of Tc-99 so that the total eoneentretion ef tedmetium in the 
sample will depend on the previous history of the generator This total concentration, if sufficiently 
high, may have an adverse effect on some subsequent reductions because about 13% of the Mo-99 will 
deeejrdinetly to the long-lived Te-99. The latter is also prodoeed, of course, Vy the decay of T^Sta. 
Theoretical calculations have taken both sources into account.' Two experimental 
determinations of total technetium in generator milkings have been reported. One is based on 
technetium yields from generator eluates, determined by licpiid scintillation counting.* The second 
rests on the determination, by UV absorption of pertechnetate isolated by anion exchange HPLC. 
The latter, analyzing the output of a 7,450 mCi generator at various intervals, showed that the total 
concentration (rf'tedmetium ranged iVom (1 to 4T) x 10~' M , or (3 to 38) x 10**" moles of total 
technetium per mCi of Tc-99m, The liquid-liquid extraction of instant technetium showed somewhat 
higher values: (2 to 178) x 10'^ M. and (20 to 717) x 10'^' moles of total Tcper mCi of Tc-99m. In both 
eases, the experimentally detsmincd vahies are hi^er by about 35% than the calculated values. This 
means that the total concentration of technetium will extend from 3 x 10~'M to about 3.5 x IO~*MliMr 
1 mCiofTc-99minone ml. of solution. For more aetive solutions, the total concentration of 
technetium will range from 10~*M to 10~'M. 

There are a number of consequences arising from these estimates of the total concentration of 
technetium in radiopharmaceutical kits. In preparations in which the concentration of SnCl, as 
reductant must be limited, the total concentration of technetium may be too high for complete reaetloa 
with the tin. There are two cases: the in vitro labeling of red blood cells by SnCl,, **° and the Ceretec 
kit.'"' In these cases the tin concentration may be of the order of 10'* M to 10 "*M. For the usual run 
of well-practiced Tc-99m radiopharmaceuticalB, the eoneentretion of tin salt is about 10~*M - lO'^M, 
and this should be more than sufficient 

A second problem which may arise from variable total pertschnetate eoneentrations has been 

called the availability of tin.^' This does not appear if the reductant has been prepared by dissolving 
SnCl, in HCi, diluting to an appropriate concentration, and using it directly. Occasionally in kits in 
whin the SnCl, solution lias been lyophilised, specimens have a much smaller coneentratUm of Sa (II) 
than would be expected from the origiiuil formulatiea. The suggested criterion for the evaluation of 
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kits in this regard is the titration of pertechnetate-99 in the presence of DTPA by the reconstitutad lot. 
The assumption in the analysis is that (III) represents the fuval oxidation state of the 
tedmetiura.*"* Actually, in tiw direct titntlcn with SnCli, the flnal oxidation state of technetinni b 
3.5. In the tests by titration, a number of commercial kits showed quite small quantities of 
available Sn(II) - very much less than what had been incorporated in the kit. The effect is probably due 
to the promotion of colloidal tin oxide as the lyophilized solutions become quite concentrated before 
solidifieation. Mpreient there are no ImownmatliodsofcontrollinKtlwIeiiiB of available tin. 

A third problem which may be posed by variable total concentrations of pertechnetate is 
interference in the kinetics of the reduction and substitution reactions. This is a complicated matter 
which involves largely unknown reaction mechanisms. In two instances, a decision is easy to make 
The reduction of 10 *M pertechnetate by excess SnClj in the presence of IM citrate takes place in two 
steps. The first step, producing Tc (V), is rapid. The second step of the reaction would be so slow at 
10"*M or 10"'M TCO4" that it can be ignored, regardless of the fairly large variations in the total 
technetium concentration in radiopharmaceuticals. Similarly, the reduction of 10 ' ^ M pertechnetate 
by excess SnCl, in 0.2M p y rop ha epliate solution involves a slow step which was interpreted as a 
dimerization reaction following the initial rapid reduction to Tc fill) This slow step, whose rate is 
governed by the square of the technetium concentration, requires many hours for completion at the 
10~*M tedinetiumeeneentratien. Heneeiteould be ignored at the radiophamaeeutieal concentration 
level, regardless of wide variations in the technetium concentration. 

It has been propoesd more fbmally that the efliMt of varying total coneentratimis of 

pertechnetate can be interpreted in terms of the kinetics of first-order and second-order reactions with 
respect to the pertechnetate concentration.^*" In reactions in which all reagents relative to 
pertedmetate are in very large excess, and in which a single pertedmetate anion is involved in the 

rate-determining step, the reaction will be pseudo-first order, independent of the teduietium 
concentration. There is no quantitative study yet available for this situation. 

In reactions in which the rate-determining step involves two technetium moieties, the time 
required for complex reactions is inversely proportional to the initial concentration of pertechnetate: 

at a—x a a(a— x) 



Here "a" is the initial concentration of the pertechnetate, (a-x) is its concentration after time t, 
and X is tlae concentration of tike reacted technetium. 

1 X z 99 

<ss 7 X — Forvirtually complete reaction, let — = — ■ 100. 

* a(a-x) a-z 1 

Thents - x — 
k a 

The time required for virtually complete reaction (99%), is inversely pro{K)rtional to the initial 
concentration of pertechnetate. At the present time, there is little knowledge of the velocity constants 
of dimerization reactions of technetium The system .vhich has been most studied is the 
disproportionation of technetate i.TcO^' ' , Tc ( Vli) in neutral ^- or alkaline ^* solution. The 
constants are approximately lOV or 19**" in neutral solution, or 10* in dilute alkali.^' The 
diffusion-limited constant '[or a reaction in which every collision is successful) is of the order of 10** 
per mole-second. In such a case, whether the initial technetium concentration is 10 ~ or 1 0 ~ *M 
makes no practical difference. The reaction is over in raudi less than a second. However, if the 
ve ioc i t > constant of the rate-determining step is 10', a decrease in technetium concentration from 
10 ' 'M to 10~*M will mean that the requirement £m- complete reaction rise from about 1.000 seconds to 
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10,000 seconds If the velocity constant is 10^tfa•dllnerisatMnf«•et^onwinbeilnpowU»ly•^ 
regardless of the initial technetium concentration. 

The discussion has assumed that the reactions are homogenous, that the rate-deterroining steps 
are known, and that there are no complications. There is one known system which is not described by 
these simple-expectations. The reduction of 10~* M pertechnetate by concentrated HCl yields Tc (V) 
(••TcOCl/ erTcOClj-"). Tc (IV) as Tc (CD^*' is produced only after long heating. There is now 
genera! agreement with Shukla's finding that in the reaction of concentrated HC! with no-carrier 
added pertechnetate-99m, Tc (IV) is produced rather quickly, apparently by way of Tc (V), but that 
little or no Tc(V) remains ''^ This follows earlier work by Williams and Deegan'^' and by Milan and 
N'oir^*' who reported that 99mTc(IV) was formed directly fromTcO*". It is possible thattracesef iron 
may be responsible for this effect, but no detailed study has been made. 

Other t>TDes of kinetic complications may be present in several standard kit preparations. 
While there have been no detailed kinetic studies of the formation of the ^^c-DTPA complex , a 
potontiometrie titration of partechn«tate-99 with SnCI} in OTPA soltitioa strongly suggested that a 
Tc(IV). (Ill) dimer was formed,'***' and Linder has most definitely shown this to be the case. The 
question which arises is whether the clinical preparation at the 10~'M level of Tc concentration is also 
a dimsr. If so. Uiis would mean that the approprUtte valoeity constant would have to be not much less 
than lO^'M'^s"' since the clinical preparations are made ready in a short time Alternatively, if the 
dimerization rate is slow, one must ask first what ligand or ligands complete the coordination of the 
taefanetium in the monomeric complex; secondly, whether a better ligand could be found which would 
render the complex more stable. \ similar problem must arise in antibody labeling in which DTPA is 
oovalently bonded to the protein, and Tc 99m is then complexed at thatsite.'^' It is almost certainly 
outof the quastionlbr two antibody fragments, each with a tadmetittin atom bonded to its DTPA, to 
cooka tagethar to &rai aTe-O-Te dinar. 

Another possible dilute system which at first glance may raise questions about the feasibility of 
dimerization and polymerization at very low levels of technetium concentration it the mysterious 
reduced hydrolyzed technetium. This is reduced pertechnetate which has escaped reaction with the 
ligand of the kit. It was originally described as "Technetium colloid" (presumably TCO2) by 
Subnmanian and McAfee in 1 969 when they reported that sodium borohydride was useful in labeling 
various entities like proteins, DTPA, etc. with technetium. They found that the "colloid" did not 
pass through a 0.22 micron Millipore filter A similar effect was reported by Lebowitz et al who tagged 
gelatin with pertechnetate reduced by NaBH4.'^^" They found as much as 25% of the preparation was a 
radiocolloid. In the absence of gelatin, the technetium (presumably in the formofTc02)formada 
colloid which was filtered out in the particular arrangement employed by them. 

With the advent of stannous chloride as the reducing agent of choice in radiopharmaceutical 
quality control, experiments showed the presence of "reduced hydrolyzed technetium" in virtually 
every preparation: they are too numerous to enumerate. Thin-layer-cfaromatogra|dty and Sephadex 
column chromatographic techniques were used for its identification and measurement, but its nature 
was not clearly defined. It can be said that it is probably a mixed Sn(II)-Tc02 colloid, since the earlier 
radiopharmaceutical literature described a stannous oxide colloid labeled with MmTc which was 
useful in bone marrow imaging ^ ' In addition, SephadcK gel chromatography with 1 ISgn and ^SmTc 
has shown a colloidal fraction containing both Sn and Tc. If SnCl2 is used as the reducing agent, 
tlia appearance of the "reduced hydrolyzed tadmetium" most probably indicates a mixed SnO-TeO} 
colloid. One need not be coneamad about the kinetics of polymerisation of 10"^ solutions of "^e in 
such cases. 

However, in the case of reduction of pertechnetate-99m by sodium borohydrida the pnssnca of 
reduced technetium of colloidal size is more difficult to explain. The reference is to a 
radiopharmaceutical preparation which was called 99<nTc-technetium dioxide for Liver Scanning.' 
*™ A colloid was formed by radudng MmTcOa' with NaBH4 in acid solution without a carrier matal, 
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stabilizer, or anything but the generator eluate in saline. The technetium was in clear colorless 
solution, and 85% of the activity was deposited in the liver, suggesting most strongly that it was 
eolloiidal. The question ia: does this preparation represent tfie pelymerixati<m of technetium in 
solution at a concentration much lower than lO'^M'' The authors show an election microscope Study 
of a small sample. The particle size of the spherical particles was from 0.5 to 1 micron in diameter. 
The particles were quite unifimn in shape and sixe. However, calculation showed that they could not 
be composed of technetium alone. The original solution contained ImCiof pertechnetate in 25 ml of 
eluate. Generally, one takes from 1 to 10 pi of solution for electron microscope pictures (we assume 10 
pi). Iliere were about 80 spherical particles tn the picture. Assumingthathalfwerel micron in 
diameter and the remainder 1/2 micron, the combined volumes came out to 2.65 x 10"" cc or, for Te02f 
a mass of about 1.6 X 10'^*' grams. This meant that in 25cc there would be 4 x lO'^gramsofTcQs, 
whereas ImCi of MmTcOa would weigh about 2.5 x 10~" grams. Even if it is aasuined thatthMv a 
tenfold enrichment of the technetium content by decay to ^^Tc, it is clear that while the particles in 
the picture contain technetium, they consist mainly of something else. 

The authors state that reacting NafiH4 with HCl under the same condition of concentration but 
in the absence of pertechnetate does not yield the same spherical particles in the electron microscope 
picture. One can conclude that the particles in question are to be found in the 2.5 ml of eluate fron-i a 
technetium generator. At the time of publication of the article -1970- the usual source of ^Mo was 
neutron bombarded moKbd'^n in metal, rather than the fission product in widespread use today. This 
means that molybdenum tiargely inactive) and perhaps aluminum are the major impurities to be 
expected in the eluate; the molybdenum as .M0O3 or Mo.024^~ polymer'"' and the aluminum as 
din-ierized or polymerized aquo-ions from the activated alumina column, in addition to a heteropoly 
alummo-molybdate.^^*' The M0O3 by itself will not form a colloid, since its room temperature 
soluUli^ in water is about 1.0 g/liter.'^^ If it is assumed that the particles hi the electron microscope 
picture are spheres of M0O3 there will be about 10 grams in (assumed) lOX of solution, and 2.5 x 10" 
^ grams in the 25 ml of generator eluate. In the form of MoQsor its polymer, this would be soluble, and 
not colloidal (assuming that a colloid will form as a preliminary stage in the precipitation of an 
insoluble solid). However, there is another possibility This is the combined action of pertechnetate 
and sodium borohydride, with or without complexing by aluminum. The borohydride can reduce both 
the pertechnetate and the molybdie oxide (or its polymer). One forms a molybdate blue. In this type of 
compound, the oxidation state of this molybdenum is between +5 and -t-G Once formed, it isalmeet 
certainly colloidal.'^'*' Schirmer et al prepared a molybdenum blue by reducing molybdate, and 
conducted both x-ray diffiraction and electron photomicrographs. It wescolMdal, with fairly unifiMrm 
spherical particles which were 100 A in diameter, together with some which were several times larger. 
This preparation has been known to be colloidal even in very dilute solution. While there are no 
reports of tedmetium-molybdate heteropoly compounds or blues, there is no lack of reforenees for 
rhenium-molybdate or rhenium-tungstate reduced systems. In short a heteropoly complex of 
technetium and molybdate is formed (with the possible inclusion of aluminum in the complex) and on 
reduction a molybdenum blue colloid is formed, carrying the technetium. In this ease, too, there is no 
need to be eoacemed about the kineties of polymerisation of the technetium. 

B. Methods of C hemical Characterization of WmTc Complexes 

The principal problem in the identification of the chemical nature of radiopharmaceutical 
preparation of Tc-99m is findmg a means of identifying such properties as oxidation state, formation 
constant, molecular structure, electrical charge, etc. In this discussion we are ignoring dried solid 
samples of 55f"Tc compounds which have been examined by various methods, and examining 
radiopharmaceutical solutions as such. In general, workers in the field have directly determined some 
pr o per ty or properties of technetium complexes at much higher teehnetium-99 concentrations (usually 
10"*-in"'M) and then compared this property vvith that shown at the 10'*M level If the two 
measurements were in agreement, it was concluded that the identity of the ^SmTc compound was 
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The following procedures have been used in this way: polarography, various kindt of 
chromatography, ion-exchange, solvent extraction and electrophoresis. 

1. Polarography and Coulomotry 

Ralativoly littio work has boon don* with radiopharmaeeutieal solutions. The examination of 

such dilute solutions for a specific compound offers great difficulties Heinenan and his collaborators 
described the procedure for the measurement of 2-4 x 10 ~'M KTCO4 in a phosphate buffer. ^'^ It was 
necessary to lower the oxygen eoneentration to undetectable limits in order to exclude interferenee 

with the pertechnetate wave. The solution was boiled for an hour and argon gas was passed through it 
and over it; metal tubing was used in place of plastic tubing. All varieties of plastics are permeable to 
air to some extent. 

At the lO'^M level, pertechnetate in acid solution shows two irreversible waves. The first - a 4 
electron reaction - has been extennvety studied."***^ There is a general measare of agrcemant about 

it. The second wave - a 3-electron wave - is less well understood, largely because of interference by a 
catalytic hydrogen-discharge wave. The behavior of a very dilute pertechnetate solution • 10~'**M • 
has been examined by a technique called radiopolarography, introduced by Love and Greendale.'**" 
By means of this technique, one can collect mercury drops containing a deposited metal, an amalgam 
or a precipitate as a function of the applied voltage. Grassi et al used this technique on a 10" lOM 
solution of pertechnetate in acid. The half-wave potential of the second step was -0.904 volts versus 
saturatedcmlomel on more concentrated (2.95 x 10~*MTcO4~) solution at pH 2.83. With the 
radiopolarogram technique, the half-wave potential was 0.858 volts vs saturated calomel in the pH 
interval 1 to 3. This is only slightly lower (by 36 mv) than the potential of the more concentrated 
selutien. 

Russell studied the polarographic reduction of 8 x 10 ~ TCO4 ' in EDTA solution with a 
variety of eieetrodes and in solutions of different fM."*** He then applied the potentials to MmTc04'' in 
the presence of EDTA in order to produce the complex coulometrically In IM NH4OH and O.lM 
NajEOTA the electrode potential was changed by 0.05 volts every half hour. The yield of electrolyzed 
Tc (presumably as the EDTA complex) was determined by chromatography on silica gel on glass fibers 
with an appropriate solvent. The potential at which reduction started in the tracer experiment was 
two to three hundred millivolts more negative than in the carrier experiment. The difference could 
not be accounted for by the time required to produce measurable products in the tracer experiment 

2. Chromatography 

Chromatography has been the most widely used technique for the characterization of 99"iTc 
complexes as well as for quality control of radiopharmaceutical kits. There are many examples of 
different varieties of chromatography in the nuclear medicine literature from mouse chromatography 
(that is, using distrilMitioa in vtoo^ to various two-dimensional systems on different supports with 
solvents ranging from aqueous saline solution to three-component systems. Column chromatography 
with Sephadex or Sepharose beads has also been used but all these • at least the ones on a non- 
instrumental level - suffer from lack of differenuation of closely related substances. They lack 
resolving power. Such resolution is ofTered by HPLC - high performance for high pressure) ^ Hquid 
chromatography. While it ( like the other techniques* has been used extensively lor quality control of 
Idt preparatioa, it has been used infrequently for the comparison of the elution behavior of the known 
more concentrated Tc-99 complexes with that of the corresponding radiopharmaceutical. That is» the 
retention times of the two solutions of much different concentrations are compared. 
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3. Idii-«tehaiifeChnnnatoBm»ky 

This teehnique, whidi was ori^nally developed by Shubert^ and later by Frotiaeuif^, was 

introduced into radiopharmaceutical chemistry by Owunwanne, Marinsky and Blau.'******* The net 
charge on an ion or complex ion is determined by equilibrating the trace chemical betweuk an ion- 
exehange resin and different eonoentrations of a much more concentrated solution of an indifferent 
electrolyte This measurement yields the distribution of the radioactive tracer - the ratio of activity in 
I gram of dry resin relative to the activity in 1 gram of each of the different solutions. A plot of the log 
of the distribution against the log of the concentration of the indifSnmtelectr should yieMa 
straight line whose slope is the ratio of trace ion charge to indifferent electrolyte (anion or cation) 
charge. Russell extended the method to a flow system^ pre&rring that to the batch equilibration.'^* 

The batch equilibration work showed that with cation-exchange, the product of the reaction of 
'^°'Tc04' with SnClj in HCIO4 solution in the pH interval 1-2.5 had a charge equal to that of Sn*' on 
the resin. For Tc-99m-HEDP on an anion-exchange resin there were two components with charges -2 
and -0.5. The work on the cation-exchange resin was discussed earlier. There are two exceptions 
which might be taken The positively charged Tc-99m particle (tentatively identified by the authors 
asTcO*' ) may be colloidal or partly colloidal. The presence or absence of such a condition can be 
demonstrated by changing the ratio of resin mass to solution mass, as Schubert has shown.'*"'' This 
point is raised because Munze and his collaborators had concluded that in the solutions described 
by Gorski and Koch'^^^' there was colloidal Tc02» and one did not see truly ionic (cationic) technetium 
in solutions of HCIO4 more dilute than IM. 

A second exception to the reported work has to do with the behavior of anion-exchange resins of 
the strong base (quatemaiyattmocdum) type. Ifthere are several dienieaUy related varieties of 
anion in solution - e.g., C0CI3"' andCoCU*", the resin may preferentially pick up one which was a 
minor component in the solution. This has been illustrated in an earlier section. Whether it applies to 
Russell's flow technique is not known* since he used DEAE ceUoloee, which hat not been studlad in a 
fundamental sense like the Dowex'l type of resin, in spite of the very large number of separations 
reported with it 

One additional point concerns the behavior of the strong base anion exchange resins with 
respect to polyvalent anions. Reference was made earlier to a Dionex advertisement which shows the 
order of elution of aqueous electrolyte solutions on a Dionex column (wMcfa is t^the strong base type). 
The order is: CI'" >Br'" >!"" >S04'" This has been taken by various investigators as proof that the 
more highly charged anions are more firmly held by the resin that the various monovalent anion. The 
advertisement refers to the analysis of very dilute solutions. In an early paper which described the 
properties of Dowex-1 and Dowex-2, Wheaton and Bauman showed that in more dilute solutions of 
Sttl&te and chloride, the sulfate displaced chloride from the Dowex-2 resin.^ Conversely, when the 
electrolyte concentration exceeded 0. IM, the chloride displaced sulfate from the resin. At a sulfate 
concentration of 0.09M, the selectivities were the tana fisr the two ions. Similar effects were seen in 
chloride carbonate equilibria on the resin This may present a complication if a comparison of 
concentrated Tc-99 and dilute Tc-99m complexes of high charge is made on anion-exchange resins. A 
series of dilferent ooneentrations of the Te-99 complexes may have to be run. 

With respect to the troublesome question of the importance of the charge on sulfate anions and 
their uptake by strongly baric anion-exchange resins, re fe re n ce was made earlier to the fhct that 
sulfuric acid was strongly taken up by Dowex-1 already in the sulfate form. The authors, who 
determined the activity coefficient of HSO^' in the resin phase, had concluded that HS04~ might well 
be a much weaker acid in the resin phase than in water.'*"* An indirect proof of this was found 
recently in titrations of sulfuric acid with BU4NOH solution in concentrated aqueous solution of 
quaternary ammonium salts tike BU4NCI in approximately 3-3.5M solution. In water, the titration of 
sulAirie add with a strong base shows a ringle end-point, in the vicinity of pH7, since HSO4 ~ is a 
relatively strong add (pKs2). In the concentrated quaternary ammonium salt solutions, sulfiirieadd 
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behaves like a mixture of HCl and acetic acid: there are two end-points One is for the H3O' of the 
first dissociation, and the second is for the HSO4' ion. It does behave like a weak acid in that medium, 
with an appannt pK or44, dapanding on tha salt and its eoneantration."'" By implication, it b a 
woakar acid in the rasin. 

4. Solvent Extraction 

A method of determining the oxidation state of technetium in some radiopharmaceuticals is 
based on Uie formation hy a substitution reaction of a well-deRned neutral technetium eomplox which 

in turn is readily extracted by water-insoluble organic solvents.'^' For a number of complexes which 
had been shown to be Tc( V) compounds at higher concentrations, the reagent is 8-hydroxyqutnoline, 
symbol HOx, which forms a 1: 1 dioxochelate whose composition is TCO2 Ox 2H2O, like the 
corresponding Re( V) complex.^' When the Tc-99m chelate is formed, it is extracted into chloroform 
from a saturated Na2S04 solution containing boric acid. The sodium sulfate salts out the oxinate 
complex, and the boric acid ties up cis polyhydroxy ligands like gluconate and mannitol. Under these 
conditions of extraction, it was found that the gluconate, mannitol and citrate complexes formed by 
SnClj reduction in 2 x lO 'M pertechnelate solutions were extracted into chloroform -ox ine solutions 
almost completely, it was concluded that the oxidation state of technetium in each case was the same 
as that determined by other means in I0~*-10~*M pertechnetate aolutiens. 

Tc-pyrophosphate, Tc-H£OP and Tc-OMSA formulations prepared with SnClj showed 
practical ly no extraction with 8-hydroxyquinoline in chloroform. Howevnr, thejr were extracted Into 
chloroform by 1 , 5-diphenylcarbazone, whose oxidized form, the corresponding carbazide, reacts with 
pertechnetate itself to form a neutral carbazone complex of Tc(IV) of unknown composition;^ The 
carbasone is much less satisfactory as a TdIV) reagent than oxine is for Tc( V) compounds. TdIV) 
prepared by the reduction ofTc04" by concentrated HCl at 90'C reacted readily with the carbaiOtte 
and gave variable but consistently high yields of extracted technetium. In the case of the 
pyrophosphate and HBDP preparations, it was necessary to demask them with a ferric salt, and to 
decompose the Tc complexes further with l.SM HCl before extraction took place The DMSA complex 
was broken with HCl and HgCl2. About 40% of the technetium was extracted in the latter case. 

Oxidation of technetium by traces of air (which are inevitably present in any open system) was 
observed in solutions containing a ligand which could form a tedmetium complex in the higher 
(oxidized) state. Thus, TdIV) formed from concentrated HCl was not extracted by oxine in chloroform. 
However, when sodium gluconate was added to theTc(IV) preparation, there was always subsequent 
extraction by oxine, the yield ranging from 20% to almost 100%. If SnCl2 was added to the Tc<IV) 
solution and this was followed by the addition of gluconate, the oxine extraction was seriously 
decreased. The system - Tc(IV)-gluconate-02 - represents a coupled oxidation and complexation of 
technetium, involving traces of air and the added gluconate. This may turn out to be serious in the 
preparation of some technetium radiopharmaceuticals by ligand exchange In one case, it was 
(mistakenly) claimed that the Tc-gluconate complex was a TcdV) compound'^'^'and it was shown that 
Tc 99 m pyrophosphate exchanged with added gluconate This was taken as proof that the 
pyrophosphate complex was a Ted V) complex. When the oxine extraction was used on the system, it 
was found that the Tc pyrophosphate - not extraetable by itself - became extraetable after the additkm 
of gluconate.'"** 

The postulated induced oxidation and exchange is probably the reason for a well-known artifoet 

in gel chromatoffraphv The ^'"'Tc-pyrophosphate kit preparations are strongly taken up by Sephadex 
columns, but not Biogei (polyamide) columns. The adsorption is minimized or eliminated by eluting 
the sample with a sodium pyrophosphate solution in place of the ustial saline. The MmTc- 
pyrophosphate is probabU a Tri IIIi nr Tc(IV) compound It is a weak complex, readily liberatingTc. 
The latter will encounter some of the many vicinal hydroxy 1 groups of the Sephadex and, in the 
presence dTa little air, it will be oxidised and then complexed by i^inal OH groups of the Sephadex, 
which will hokl the Tc( V) as it holds Tc( VI gluconate. The presence of sodium pyrophosphate in the 
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eluant will introduce eompttitkm batwMii th* OH gn»tt|w tad the added pyrofihMphate for tht 
liberated Tc particles. 

[ t is possible that the finding hy Johannsen ef an exchange reaction between Te*99m HEDP and 

o-pheny lendiamine'^' is also due to a coupled oxygen oxidation and simultaneous or subsequent 
complexation, producing a Tc( V) amine complex from a lower-valent HEDP compound. His own 
explanation was that the exchange took place between the diamine amla*B"Tc(V) - HEDP complex 
which waa a different product from that obtained at higher technetium eoneentratioits. 

Another possible example of such induced oxidation and exchange reactions is in the rormation 
of 99niTc(V)-cyclam from 99inTc-DTPA in alkaline solution. **" It was established conclusively that 
the ^^c- DTPA complex decomposed above pH 1 1, and that the decomposition of this complex in the 
alkaline solution preceded the formation of the MnTc-cyclam complex. The latter is most certainly in 
the Tc( V) state. The authors considered two explanations: the DTPA complex decomposed with 
oxidation of the technetium to the (V) state, or the DTPA complex was initially in the V state. The 
latter poeeibility can be ruled out. MTe(V) gluconate prepared without emees SnCIt showe no spectral 
change on addition of DTPA If excess SnCl2 is added to the last mixture, there is a spectral change, 
attributable to the formation of a lower-valent Tc complex. If the gluconate complex is prepared by 
NaBH4 reduction of **<^c04' (with the presumed elimination of excess reductanti it can be extracted 
into chloroform with oxine quantitatively If DTPA is added to the solution before extraction, the high 
extraction elTiciency is maintained. If SnClj is now added to the Tc( V)-gluconate-DTPA mixture, 
there is a time-dependent decrease in the efficiency of extraction hy the oxine which is attributed to 
the slow reduction oftheTctV) gluconate to a lower oxidation state If the^'"Tc(V) gluconate without 
DTPA is treated with a large excess of SnCl2 there is no decrease in the highly efficient extraction of 
the technetium by the oxine.*"" 

It is reasonable to expect that the coupled dissociation'Oxidation-oomplexation of technetium 
will take place with weak, easily disaodated conpkmea in lowwr oxidation stalet. 

5. Electrophoresis 

An investigative technique which has been applied directly to solutions of ^""Tc compounds is 
based on a clever combination of synthesis and electrophoresis. Usually the electrophoresis of a 
Tc-99m compound is run on paper or on a cellulose derivative and its mobility is compared with that of 
a reference compound in the same medium (usually pertechnetate). In the technique under discussjon* 
a ligand similar to the complexing agent is synthesized, but is given an additional group which is 
capable of bearing a charge, like a carboxylic acid or an amine The added group must be located on 
the ligand molecule for from the functional entities which complex the technetium. The 
electrophoretic pattern of the technetium complex of this synthesized ligand is also run. One then 
looks for mixed ligand complexes in a dOmXc preparation made with Uganda in solution. The 
elec tr ep h o r etic pattern will then give information about boHi the composition of the original complex 
and its charge If the complex is a 1:1 compound (technetium ligand) there will be two bands or spots 
coming from the mixed ligand solution. One will be that of the original complex. The other will be 
that of the modified ligend which will now have a different charge flpom the original complex. If the 
complex is a 1:2 compound (technetium ligand) there will he three bands or spots in the electrephoretic 
pattern. These will be the two original bands, and an intermediate band which will contain two 
ligands with different charges. Obviously, the iontxable group must be in its charged ibrm for the 

differentiatior. to work The method has been app! led to technr-t ium complexes of dihydrothiocticacld 
to 1.2-dimercaptopropane and 1,3-dimercaptopropane, and to a number of H IDA types. The 
dimercapto compounds, like several of the HIDA types showed mixed ligand formation with reduced 
technetium showing that there were two ligands per technetium Smith and Byrne, who had 
synthesized and characterized the Tc-99 complex of dimercaptoethane, had shown by various 
techniques that there were t wo dimercapto ligands and one terminal oxo group bound to the 
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technetium, and had Awtlwr shown by eleetnphontis aiulchroinatognipliy that tlw MTecomidMK was 
identical to tha MmTe preparation."** 

In connection with the HIDA t>'pe of ligand, Bums et al not only showed that the ratio of ligaild 
to technetium was 2: 1 , but that the HIDA-^'Codll) and the HIDA-*'Cr{III) complexes showed the same 
electrophoretic behavior as the dSmTc complex. This strongly supported the conclusion that the s^mXc 
was in the Te(III) stata, which is in aoeord with the earlier lUulinff by Loharg and Fields.'"*> 

Similar work was carried out on the cyclam complex of technetium by Simon et al. They 
established that the oxidation state <tf Te-99 was -l- 5, that its charge was + 1 by reference to ^lam 
complexes of other transition metals, and that the electrophoretic behavior oftheTc>99moomplea was 

the same as that of the Tc-99 compound. 

C. Labelfaig Proteiiis with 9Mte 

A m^jor difflcttlty in understanding the chemistry involved in labeling various proteins with 

S^n^Tc is that no metalloprotein containing ^^Tc has been prepared and characterized Thus, it is not 
possible to establish at the millimolar or equivalent level the nature and number of the possible sites 
in the various proteins which can hind redticed technetium. Qualitative tests have shown that the 
following amino acids form weak complexes with 9^c04 " treated with SnCl j histidine, asparagine, 
serine and threonine as well as N-acctylglycinamide. Cysteine also forms a complex with reduced 
technetium, but it is probably mudi stronger than the other amitm-acid complexes. None of the 
remaining common amino acids appear to form complexes. However, this is of limited importance 
since the structure arKi conformation of the protein complex are important and the assistance of 
nearest neighbors lilce peptide bonds may help to stabilize the primary binding of the technetium. 

The labeling of albumin with 99mTc was first carried out successfully by McAfee et al in 
1964. Their method involved the reduction of pertechnetate by FeCla and ascorbic acid. In a 
modification, pertechnetate was first added to the reagents, the pH was raised to 9.0 or 9 5, the serum 
albumin was added, the pH was re adjusted to 2, and afler several minutes was raised to between 5 
and 6. **" The method was quite successful. The chemistry was not obvious (see the section on 
reducing agents). Steigman et al operating on the hypothesis that the single sulfhydryl group of 
albumin was important in the formation of the complex effectively blocked it with either HgCl2 which 
formed a very stable sulfhydride complex or with N-ethylmaleimtde (which alkylated the S-H group). 
The procedures practically eliminated the taehnetium binding to the proteia lliey also found that 
excellent yields of bound technetium could be obtained at pHlS, eliminating the aeidineation to pH 

Hnatowich et al attempted to repeat this work by blocking the S-H group of albumin with 
HgCl2. '"^ The yield of labeled albumin was unaffected by the addition of HgCl2, but this may have 
been due to their use of SnCl2 as the reducing agent rather than PcCls-aseorbic acid. HgCI^ is certain 
to react with the SnCl2" this is the basis of the classical Zimmerman Reinhardt procedure for 
analyzing specimens for their iron content A repetition of the original S-H blocking experiment 
with N*ethylmaleimlde was carried out. using SnC I2 as the reducing agent. It was found that there 
was no decrease in the yield of Tc-labeted albumin because of the blocking of the S-H group."**' This 
was also the case when FeS04 was used as the reducing agent. 

Albumin is unusual among proteins in a number of ways. There are Complex rearrangements 

which take place in acid solution, and others in alkali In acid there is marked expansion, an 
increase in levorotation below pH4, ""^ a marked increase in viscosity, a dimerization*"'" ° and an 
isomerization. The isomerization which is called N -♦F reaction i.N' for native, F for fast-movingi 
shows itselfin acid solution by heterogeneity in electrophoresis The P component is faster-moving 
than the native structure, and probably represents not only d structural char:ge, but also an increased 
proton attachment and, hence, an increased positive charge. In addition, at high pH U V spectra show 
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the unmasking of tyrosine groups which had been hidden by hydrophobic groups before the albumin 
unfolded. '^^'-'^ Other normally hidden groups are also unmasked at high pH, including disulfides, 
thiol/'^'aiMlotheri. WorkonthestruetareflfaniHBiniliowedthattheone&Horeysteinyl group is 
residue #34inaCNBr-fonned,88-re8iduefragQMitwithaterminaIaspartyl residue. *^ There are 14 
neutral , mainly hydrophobic residues before the S-H group It is possible that the acid (or alkaline) 
step rearranges these groups so that the access to the S-H group is improved. It is also possible that 
supporting groups like histidine may occupy nearer positions to the S-H group and exhibit favorable 
geometries for the technetium. It is not out of the question for the acidification to permit a change in 
location of the S-H group by intramolecular exchange with a disulfide group and, thus, facilitate the 
formation of a technetium complex. Finally, it is possible that the S-H group not only complexes the 
technetium, but also makes pomible the formation of the dimer'*^*- *' but blocking it prevents dimer 
formation. 

Because three adjustments of pH were necessary in the iron-ascorbate labeling procedure, 
investigators turned to a 1-step, SnCl2 addition to an albumin solution at acid pH. "^"^ This had the 
effoct of obscuring the direct labeling of the albumin with reduced technetium in the sense that some 
of the technetium could have formed a mixed small colloid with stannous oxide which was stabilized or 
protected by a coating of albumin.'*" Probably this was not the case in a sufFicienlly acid solution. In 
any event, it became the almost universal method of labeling proteins with M«Te, including 
flbrinogan» various enzymes, actual cells, etc. - preparations which are too numerous to list 

Labeling albumin with technetium appears to give different complexes with different 

reductants An additional method which cannot be reconciled with the other two consists in the 
reduction of ^'"Tc04 with either dilute'*^'* or concentrated'"^' HCl evaporated to dryness. The 
Williams and Deagan paper reported that aseorbic add added to the albumin mixed with the dried 
••"•Tc deposit and brought to pH 2.5 gave a high yield of labeled albumin Sundrehagen reported that 
binding of Mi^Tc to various proteins was poor with ascorbic acid, but excellent with gentisic acid. 
Albumin was not spedfieally mentioned. 

With the advent of monoclonal antibodies, the various protein labeling procedures were 
examined more closely. While direct labeling is the simplest procedure, the resulting complexes - as 

Eckelman et al had pointed out*'°' - were weak, tending towards instability Paik et al suggested that 
the technetium is bound by both a high-capacity, low-affinity site, and a high-affinity, low>capaeity 
site, and identified the latter with sulfhydryl groups produced by reduction of disulfide bonds.'"^ Paik 
etalthen suggested that all radiolabeling with s^mTcor with should be done in the presence of 
excess DTPA. While decreasing the radiochemical yield, this guarantees an inert chemical bond 
through the high affinity sites or through a bifunctional chelate. They were able to transchelate 
technetium from low affinity to high affinity sites by raising pH to about 9 without any transfer from 
the antibody to DTPA in solution. 

A second method of Idieling antibodies (and other proteins) was by ligand exchange. Rhodes et 

al reduced per'echnetate -99m with SnF2 in acetic acid, and added the mixture to a Sephadex G-25 column, 
which retained the activity at the top. After washing it, they added the protein in citrate-dextrose, 
followed by eluticn with saline. While H is possible that the protein was labeled with M("Tc(IV), it 
is more likely that a Tc(V) complex with the Sephadex was formed, porhaps with air oxidizing it to 
that state. Certainly one could anticipate that a Tc( V) citrate complex was formed in preliminary 
fashion. Unpublished experiments in which Td V) glwonate or TdV) dtrate were formed with tin 

metal (leaving practically noexmss ofSntll)) showed that in acid SoluUon both human SOrum albumin 
and IgG were labeled with 70% of the technetium added. 

Another method oflabotin.; antibodies which was developed by Rhodes r-i al was the prrtinning 
of the antibody with SnCl2 for up to 21 hours at room temperature. The pertechnetate was then added, 
in tiw absence of air. They report that F lab% was in part broken into F(abM monomer fragments 
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which were labeled more than F(ab^)2 The y thought that the prolonged pretinning of the antibody 
reduced some disulfide bonds to S-H groups which then coordinated the reduced technetium. 

Another method of labeling antibodies with Tc 99m consisted of the prior preparation of a 
bifunctional chelate of Tc-DTPA. °' The DTPA is considered a bifunctional chelate in that it binds 
to the protein (by a condensation reaction of cyclic acid anhydride with lysine amino groups) and to the 
99mTc The problem with DTPA attached antibodies is that some fraction of reduced pertechnetate 
-99m binds elsewhere on the protein. In passing, Lantaigne and Hnatowich suggested that the site 
of binding of teelinetluni to protein* ii the helical portion of the macromoleeule. ****' There ie no 
evidence to support this hypothesis, and there is no chemical reason for it One way of reducing the 
fraction of direct binding is to include free DTPA in the labeling solution. This lowers the extent of 
direet binding, but also seriously decreases the total yield of labeled protein.***-"'' 

Other bifunctional approaches include: derivatives of dimercaptoacetamide (DADS),'*'*' 
derivativaa of hit-N-methylthiosemicarbaaone'*'" (with low yields of stable Tc oomplexet) and 
dlaminodithiol Ugandi. **' 

Priteberg introduced the idea of prelabeling a chelate with technetium •99ni and then binding 
the chelate to an antibody. The ligand was a dimercaptodiamido propanoate which was 
radiolabeled; the carboxylic acid of the ligand was activated to the ester, and the pre labeled ligand was 
then reacted with the amino group of the antibody. FVanz, Volkert, Barefield and Holmes used cyclam 
with a sulfhydryl functional group carrying the prelabeled Tc-99m. This was reacted with activated 
IgG to yield the labeled antibody . One problem with the latter methods is that the yields of labeled 
antibody are low. Recently, Abrams et al developed a method to bind 99(nTc to IgG using a 
hydrazino nicatinamide derivative of IgG. Reaction of ^^Tc glucoheptoaate with the derivatized 
protein led to a stable ^s^iTc label, possibly via a ^^'"Tc-diazenido linkage. The SjmtfaestS of several 
aryldiazenido technetium complexes was carried out by Nicholson et al. ' 

D. After»thOMhts an Ditulfide Reduction bv Snf in 

In unit activity add solution (ca. 1 M strtmg add) the reduction potential of the disulfide* 

sulfhydryl equilibrium is estimated (not measured) to be about +0 07 volts In such a solution Sn(II) 
(£" " 0. 15-0. lOv) could easily reduce the disulfide to 2 thiols. However, the sulfur system requires an 
increasingly negative potential with increasing pH for sucoesaful reduction. While the simple 
equilibrium calculation at pH 7. for example, would suggest that Sn(II) is insufficiently reactive ijy 
perhaps half a volt, there are several considerations which may change this. In the first place, 
Scheraga's group"**-"' has shown with cystine^nteining hexapeptides that the chemical equilibrium 
between oxidized and reduced forms can be afTected by changing the non-sulfur bearing peptides. In 
one case, the equilibrium constant at pH8 was changed from 6.40 to 0.78. . Similar and perhaps larger 
effecte may be found in actual proteins. In the second place, the presence of supporting ligands tilte 
histidine and favorable structures could make the reduction by SnIII) more facile. In the same vein, 
the very environment of the protein, in the sense that the dielectric constant may be lower, would 
render reduction easier. Thus, Sawyer showed that a disulfide would be reduced eledrolytically at 
very negative potential in acetonitrile, but could not be reducad in water. Lastly, the eiIlMt<tf 
favorable kinetics may supersede an unfavorable equilibrium constant. Thus, aminopyrine is easily 
oxidized by H2O2 U> form a steble radical cation. However, the radical disappeared in seconds in the 
presence of glutathione. 
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The «quUibritan «f Uw following rMetion: 
IB far to the left. However, the reaction 

OS. + GS-K5SSG" 

removes GS very quickly - and so one kinetically drives a thermodynamically unfavorable reaction to 
cempletioa. 

AP. +GS =AP + GS. 
G& + GS--»GSSG.- 

E. Recent AilvMieM 

Two important advances led te the rapid prolifisration of dSmtc in Nuclear Medicine: the 

development of a generator that could be eluted with saline «''*••«-'*'" and the development of a single 
vial containing both sunnous ion as the reducing agent and the chelating agent. These so called 
*in»tant kits' produce a high yield radiopharmaceutical in one step upon the addition of pertechnetate. 
Many of these compounds were chosen to trace the function of the excretory organs. However, these 
functional studies were often confused with efforts to obtain anatomical detail, and in cases in which 
anatomical changes occurred at the same rate as fiinctional changes, the higher resolution techniques 
of computed tomography (CT) and. more recently, nuclear magnetie resonance (NMR) imaging have 
become the diagnostic modality of choice. 

There are cases, however, in which function changes more quickly than anatomy, e g , in bone 
metastases. Here, nuclear medicine remains an important adjunct to diagnosis. Nevertheless, it is 
clear that nuclear medicine must concentrate on the measurement of small vessel perfiision and 
biochemical reactions because that is the source of its uniqueness. lodinated contrast agents have not 
progressed beyond polar compounds that distribute in the extracellular space and then are filtered by 
the glomeruli. Contrast agents for NMR imaging are presently at the same stage of development with, 
e.g.. Gd-DTPA Agents comparable to the nuclear medicine agents used for hepatobiliary studies, 
namely Gd and Fe chelates with increased lipophilicity, are now being tested. Because of the lesser 
requirements for the amount of contrast agent per kilogram of body weight for NMR imaging 
compared to CT, it may be possible to study small vnsel perfusion or biochemical reactions using 
proton NMR with paramagnetic contrast agents. 

Certainly, the present agents, such as 99mXc sulfur colloid. MmTc macroaggregated albumin, 

99mTc D.^DS f N,N' bis(mercaptoacetamido)-ethylenediamine|, and the ^SmTc bone agents distribute 
proportional to flow and are most useful to detect flow differences. Two major target tissues, the 
myocardial muscle and the cen^Mrum with a normal Ueod-brain barrier, are now being studied with 
99mTc labeled compounds. In the heart, -"'Tl as the thallous c-a'.ion is used However, *'9mXc cations, 
such as hexakis (2-methoxy-2-methylpropyi isonitrile lalso known as Cardiolite and KP-301 '''^ and 
neutral MmTc complexes such as [bt8[l.2<eyelohe9(anedionedioximato(l — l*Ot*l,2«cyclohexaneHiione* 
die«im«tO(2-cyclohrxane dione-dioximato(2)-01methyIborato<2-)-N..V.-N",N"',N"" N"""l 
chlorotechneti urn (one of a class of boron adducts of technetium dioximes IBATOsI also known as 
Cerdiotee. SQ 30.2 17 or CDO-MeBT**' **" are being tested to determine their suitability as myocardial 
perfusion agent.> R!' 10 .s taken up by the myocardium and retained a ilh a half-life of greater than 
12 hours, ' wherea.s ^di^Tc-labeled CDO-MeB in taken up rapidly and released rapidly. ' ' ' ' This 
latter compound is more characteristic of xenon tlian of thallium and can be used to obtain rapid 
repeat .studies. Both are now approved and are expected to expand nuclear medicine diagnostic studies 
significantly. 
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^-''''Xe is approved by the US FDA for the measurement of cerebral perfusion. Recently, '231 
labeled N-isopropylamphetaroine (Spectamine) became the aecond commercially available agent that 
«ro«ea the intact blood-brain barrier.**"' The diatribiition immediately after injection is flow relatMl, 
but the immediate uptake and later distribution turadtpandent on amine uptake processes Recently, 
a numlMr of neutral ^i^Tc laboled compounds were proposed for measuring cerebral blood flow in 
disease states in which the blood-brain barrier is intact. The series of propy leneamineoximes are 
interesting cerebral perfusion agents.'**** Whereas MmTc PNAO (propy leneamine oxime) is taken Up 
efTiciently and released from the cerebrum rapidly, a derivativn, ^SmXc^d.l hcxamethylpropyiene- 
amine oxime (HMPAO) is taken up and retained. Because of the available roialmg SPECT 
instrumentation, the latter compound is being studied in the clinic. Another derivative of the BATO 
series, [bis[2,3 butanedionedioximato(l)-01-2-methyl, l-propylborato(2-)-N, .V,N".-N"'. N"".N"~i. 
chlorotechnetium SQ 32,097 (also known as Neurovue, SQ 32,097 or D.MG-2MP) is Uken up 
efiiciently by the brain, but the release is slow enough to facilitate SPECT imaging. Finally, tiwre is 
an ester derivative of the diamino, disulfide chelation system f N.N" 1 ,2 ethylenediyl-bis-L-cysteine 
diethylester, Neurolite and Tc-CCD)^ that is taken up in the human brain. This compound depends 
on the slow hydrolysis of the ester groups in the blood and the rapid hydrolysis of ester groups in tha 
brain to give high cerebral uptake and retention of the more hydrophilic metabolite It appears thata 
series of first generation 99mXc compounds have been developed to measure perfusion in the brain; 
tbasa hold great promisa for establishing the usefulness of nuclear madidne studies of eorabrat 
parftisiott in diseases that do not disrupt the blood-brain barrier. 

The measurement of biochemical reactions usingM"iTc has proven difficult. The number of 

attempts to radiolabel blochemicals that did not result in a true tracer is legendary. Attempts to 
label fatty acids alone comprise at least IS s^mXc bifunctional chelates, none of which are recognised as 
fatty adds by the body.****' The expedient path here is to use ^1. Although this radionuclide has ideal 
imaging properties, it is not available via a generator system. This lack of availability puts it well 
behind MtiTc and, in fact, beiiiad tiie positron-emitting radionuclides > 'C, '"^N, i^O, and >SF because 
these are at least available from an on-site, although expensive, generator, i.e., a small biomedical 
cyclotron. Nevertheless, i23i seems to be an eflleiant radionuclide for labeling biochemie^ Many 
iodinated derivatives of biochemicals have been prepared.'^* .Many radioiodinated estrogens and 
progestins have been tested and shown to retain their biochemical reactivity. ^^■***' .N'one of these have 
been tested for disease sensitivity and selectivity, but anecdotal information of their usefulness has 
been pviblishrd To date, SSmTc has not been used to label biochemicals (except for MmXc 
neogalactoalbumin) but has been used extensively as a label for perfusion studies. 
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XIV. 
Structure and 
Stereochemistry in 

Technetium Coordination 
Complexes 

(ClM|iler ooniiibiilBd by D J. Nowotnik and Sil. luiioon) 



A. iMfOdiiciioii 

Ibe impofiance of chemical stnicture to phannacological action of drop has been known for 

decadet. The annals of dmg discovery abound with repoits showing the influence of physico-chemical 
parameters, such as charge, lipophilicity, and size, as well as stereochemical considerations (simply, the 
arrangement of constituent atoms relative to one anotiier) to phannacological activity. Development of 
these flnicture-activityidationships (SARs) have become of paranK>umiinpoftance to the disooveiy of 
neworfanpioved phannaceutical compovndi. 

Compared to the drag discovery area, the use of technetium in nuclear medicine is a young field. 
However, there ait dieady nany otaiiqites where some rdatlonship between complex stiuciuie and 

biodistribution (so-called stnicture -distribution relatkmdiips, or SDRs) have been detennined (647-649), 
As Icnowledge of the structure of technetium complexes is central to the development of reliable SDRs. 

99tc chemistry has played, and continues to play, a vital role in the discovery of new technetium 

radiophannaceuticals. Despite being a weak B-eroitter, can be studied and characterized by most 
conventional spectroscopic techniques. For definitive structural information, x-ray crystal structure 
ana^s remains die sii^e most impoitant tedmqne Itordie chancterization of technetiiun complexes. 

The Cambridge Structure Library (a database containing a large proportion of all repcirted structures 
obtained by x-ray crystal diffraction analysis) contains 148 structures of technetium complexes (June. 

1990). In addition to iliis st.iurce, several reviews of ^^c chemistry have dociimciiicd Uie expansion of 
data associated with tectuieiium chemistry 2W» 650-638), These reviews, and, in paiticular, 

die eailierchsptemoftWsvoliMie, provide a co mp re h en s ive appraisal of 
siniGiiuts of technetium comptexes. 

In the following section, several examples of technetium complexes are shown lo demonstrate 
the diveid^ of tis chemistry. Where possible, the stmctures of known technetium radiopharmaceuticals 
(i.e. compounds commercially available or in development) are Shown, K^Slher with many Other 
complexes described in previous chapters. 



Ill 
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The following table summanzes the chemistry of technetium in tenns of particular combinations of 



Oxidation state 
jgjggaaitssaSBBHuSL 


Coordination number 
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X 






4(6h 
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X 




X 




6(dh 
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X 








7(dOj 
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X 


X 






X 



The foUowing table contains rei^esentativc examples of several of these oxidation suuc^cooidination 
combiudom. Details of the diemistry yielding the complexes Aown are (generally) described in deMil in 
preceding chapters, so only the ligand or starting materials which provide the complex are shown in this table. The 
table also includes infotmationoaibechvgpof the complex; these data are dlba obtained from the origin^ 
siMiice or calculated by the authon. 









Ligand or starting 
materialfs) 


dl«>. 


Complex 




•1 


5 


trigonal 
bipynmid 


TcCl4(PPh3)2 + 
Br-C 7— NH 


0 


f 


659 


1 


6 




Bemsiie 


+1 


1 

Tc 

<!!> 


S42 


1 


6 




RNC (alley liaocyanide) 

for examine, 

R = t-Bu: TBI 
a ■ •«>-t-cH,- , mBi 

M 


•l-l 


a 

. s 

" 1 

u 

t 

a 


«60 
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2 


6 


ditto ited 
ocuttednl 


TcCl3(CH3CN)a>i>h3)2 


4-2 






661 


2 


6 


diMorted 
ecubednl 


TcCl2(bpy)2in 
water. 

bpy = ^—1^""^^ 


0 




662 


4 




Triganol 
bi prism 


(Bu4N)(Tc(NO)Cl4) + 

23A6- 
tetniMllig^pilicnyllliiol 
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N PhMe^ 
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TrigiTiOl 
bipyramid 
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R-K»C 
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diiloitcd 
ocubednl 


NKCCCH2N(CH2C02H)2 

HIDA 


-1 


" o » « 


665 


3 


6 


eclaliMln} 


TcCl4(Prn3)2 


0 


PPhj 
CI. 1 .CI 

CI 1 NCMe 

pphj 


661. 
666 
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3 


6 




AsHe2 
dian 


+1 




494 


3 


6 




Ph2PCH2GII^>ni2 


+1 


Ph \J--/ Ph 


507 


3 


6 




T6Cl3<pPb3)2CCH3CN) 
-fOO 


0 


0 
■ 

Sh ,P— Tc— PPh , 
^ CI 1 ^ 

ca 


666 


3 


7 


peougooal 


SOC^or82Q2 


•1 


1 

N 

Et2ll-<^PTc;|>-HEtj 
Clci 




3 


7 




Template reaction from a 
dioxime. a boronic acid, a 

balide ion, and TCO4'. 
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D 


ocuhedroc 


T00O4'-l- 


▼J 


i "> 


671 


4 


7 


lri|OMl 
prismatic 


a" 

SH 


0 




672 


5 


5 


iqrnmiM 


0 ^ 0 

SH HS 
DADS 


-1 


0 


282. 
S73 


S 
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tqutre 
pynoudal 


nm 
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Mo ite 
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M« 
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PbAO 


0 
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5 
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diitoited 
ocuhedral 


9" 

IIO>„^A^CH20H 
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CH20H 
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OH 
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AM 
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+1 


XT 
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CI 
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a: 
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3,S^t<4MtyleMecliol 
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\/ 

0-Tc-O 


680 



c. 



The iniluence of stereochemistry on the phannacologicat action of drugs is well In nuclear 

neddne. Ikm M enmpkt ikM iMmKlieiiiiai^ 

technetiuin chelates prior to the 1980s. But recent studies with the complexes of several new ligands, such as 
C02-DADS(665. 673. 682. ^3)_ neP-DADT<238c, 6K4) hM-PAO^'^^') gp^i Ecof^^e) have demonstrated that 

m^ed differences in biodislhbution can exist between the different stereochemical forms of a technetium 
complex(687). 

Several factors can influence the stereochemistry of metal complexes; ligand slereochemistr>', the 
number, type, and arrangement of donor atoms, chelate ring size and conformation, the coordination geometry of 
Ite mel^l. and. of come, the iramber of poirible ways a Ugand can wia^ 

eventualities, it is not always possible to develop guidelines on metal stereochemistry. The only reasonable fomi 
of analysis involves the examination of individual complexes, as shown in a review of a relatively small set of 
transition metal complexes (688) 

An understanding of the stereochemistry of metal complexes requires some knowledge of the 
nomenclature and terms used in naming stereoisomers. As a result, the following two sections have been included 
to pravilte an introduction to the principles and nomenclature. The first of these two sections is loosely teraiod 
loiBailic ajaeoctoHMliy'. It is jiriroarily intended loexaaiineaienocliefiiislfy in Uganda, whicii will inqnctnpm 
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1. Organic SteraochMntotry NomwclaUire 

There are two lypes of isomcrisin (isomers = compounds which share the same molccuiar formula); 
coiutitutioaal ImMn m c o w p oiinda whidi difflsr baomci Ihair nun are ooniwclad in a difitreiil onkfi 
sieraoisoimn have their constitueni at im^ c onneciedinexacllylhesaiiieway.tNitdilliy to 

The term 'constitution isomers' can also be applied (with subtly difCnent nmaning) to metal chelates (see 
section 3). When applied solely to the ligand, constitutional iscwncrs are not stereoisomers; they are distinctly 
diffeient compounds, which have different physical and chemical pfx>perties. For the purpose of this review, 
ligaad ooMtilHlioii inmm will not be comideied apart li^ 

isomer, the positional isomers. For ligands. this term applies to isomeric organic compounds which have a 
common donor set (ix. the donor atoms are in the same sequence, with the same carbon backbone), but have a 
diCfefcni airangement of anbuitiwnta. 

If two steretMSomers are mirror-images' of each other, they are termed enaniiomers; two stereoisomers 
which are not Iniinof-lmases' are tcinied diaateieoisoinan. The aianplcit example of an enantiomer ia an omanic 

compound which has one tctrahcdml carbon atom containing four different substitucnts, for example 2-chloro-n- 
butane. An important physical property of enantiomers is that, in solution, they will cause the plane of polarized 
UgM (paaied iiraagh that acrfnten) 10 1n» reMed. The (iegree of 10^^ 

enantiomers. A solution containing a mixture of equal quantities of the two enantiomers (racemic mixture) has no 
effect on the plane of a beam of polarized light. There is no relationship between the absolute conflguration of a 
moieede, and the direction of light rotation. However, the direction of rotation can be osed to duvactcriie a 
stereoisomer of unknown at»olute stereochemistry. Enaniiomen may be termed d- (dextrorotatory) or (4) if the 
pUne of pola ri zed light is rotated clockwiae, or I- (levorotatoiy) or (•) if rotation is aniiclockwiae. A racemic 
iitlxinre b denoted dl' or (±). 

There are two conventions in use for naming absolute configuration. The traditional method uaes D- or L- 
(aometlmes confused with d- and 1- in radiopharmaceulical liteiatuie!). However, as a result of confusion in the 
rules for using this tpttem, die Cahn-lngold-Pielog conventioa (R- and S-) system is now more usual. Substiiuenla 
attached to an asymmetric atom are ordered in a priority sequertce. Priority is given 10 substiiuents of highest 
atomic number. The molecule is then viewed from the side opposite the atom uf lowest priority; if the substiiuents 
of increasing priority appear in clockwise sequence, the configuration is denoted "R'; an anticlockwise sequence flf 
priority is denoted by 'S'. One difficulty with this system is that a small change in the molccule SOmc distance 
away from the chiral center can result in a change of the R or S designation. 

A molecule with n chiral centers has. potentially. 2" stereochemical forms. The number of isomers wiO 
be less than this in molecules with the potential for a symmetrical arrangement of atoms. An example: 2.3> 
bntanediamine has two chiral centers, but only 3 stereoisomers. The R and S.S- forms are enantiomers. but the 
RjS* and SJl- are eqnWalenL llie RgS^brm is opticaUy inactive, dne to internal co^ 
termed the roeao-form. 




S,5- 



R.S- * 



meso 



= S.R- 
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2. 




SlHOoifOflMB (Of Qplied I wic ii) , m defined Aove* cbeniictHy (te tsme oompodnd, dWering only 

in their orientation in three dimensional space. For an enantiomer not to be superimposable on its mirror image, it 
must have either no symmetry or possess only a proper rotation axis (belong to the symmetry groups Cq or D||). 

Stereochemistry that is determined solely by the metal complex is coordination number dependent. 

Much of the nomenclature has been coined for six-coordinate octahedral complexes containing two or 
more bidentate chelates (eg. ethylcnediaminc (en)). As is true for organic compounds, the simplest method for 
identifying an enantiomer is to define the direction of rotation of plane polarized light, namely or d, - or L Tim 
method does not, however, deflne the absolute configuration of the complex. For example, the two enantiomers 

of [Co(en)3]^ and rRh(en)3]^''' that rotate sodium D light m the same direction are known lo have the c^pposita 

abaolule configuFation; they are enamioroers of each other, except for the metal. 

The more accepted method of assigning the absolute conHguration is to view the tris chelate complex 
down the threefold rotation axis. If the helix that is (4>served is right-handed, the isomer is A, and its mirror image 

ll the A iMMMt. 



Ovttivy diftaclion wial^rHi provides iK> infioima 
bodienantiomefs give Die same dif&action patten. 

In adifition totheconfigwatioii about the metal center, the oonfSoimation of the cMate rings can impait 

asymmetry' to the molecule. If we consider the gniidie fbim of clliykniediMnine, die right landed coaUDcmalion is 
lenned 5 and the left handed confonnation is X. 



TlMQiedcally. dds leads to elglit isomen fbr an octahedral iris chelate comirfex: A885. AfiUU 
iJJA, A885 AttX ASXX and AXXX. Because of steric interactions we observe only the XAX and S85 
confonnations, resulting when including the A and A configurations. In addition, any substitucnis that arc larger 
than hydrogen will cause the chelate ring to adopt the orientation about the metal in which the larger substitucnis 
are ia dw eqnatorlal position. To Antker defme die abstdoie configuration of the metal complex, die orietuadon 
offlw dine chdaies aboid Ihe inelal in dw fbnn oft left handed hdix is.ien^ 




A 




S (fight handed) 



X (left handed) 
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chelate are pmllel io the threefold axil of the metal complex. If the anangement of ligands fonm arii^lMiiiitod 
helix alxMt the metal, k is tennedobbecaneiheCC bonds are oblique to tte 

Since most technetim oomplexea (and eapedaDy Iboae with ladiophannaoeaticai apfjUcationt) are not 

octahedral tris chelates or octahedral bis chelates with two monodentate ligands in a cis arrangement, very Utile if 
any attention has been paid to absolute configuration in these complexes. For example, the iechnetium(I) 

complex [Tc(dn)pe)3)'*' should have two iiomera: AXX\ and ASSS. 

More applicable to technetium chemistrv- and radiopharmaceuticals is the stereochemistry associated wUl 
square planar complexes, since this nomenclature can be extended to the five«coordiiuite. square pyramidal 
Tc(VyO complexes. For dieae complexes, the configuration about the metal (A or A) is no longer an issue. The 
possible ligand configurations for a square planar bis chelate complex are then XX, 55, X5 and 5X. There are in 
fact only three isomers because the X5 and 5>. config jrations are identical. These would not be identical for the 
five-coofdinate square pyramidal Tc(V)0 complexes. The XA. and 55 complexes are enantiomers of each other, 
while die X8coafi(uradonii tamed men. lit|eneiai.lheHerici ni etict h »ii i ofthelipadiinanieio 
coiifiiaradoii attghily desiibiliie Ihb ananiemeiM idiiive 10 il^ 

The oxo group in the axial position of five-coordinate Tc(V) complexes imparts an additional type of 
conformation to the chelate ring(s) when the chelates contain different substituents on any one of the backbone 
atoms. These substifjents can be oriented syn (same side) or anti (opposite side) to theTc-oaO bond. Hue 
nomenclature is already in use with the Tc(V) BAT and DADT complexes. 

3. Caoatitatkiuaiaoawfft 

Coastitiitional lioinen aie conqNisedof moleoidei flut mt chemically and physically dUiereat: ihqr ne 
made up of the same atoms, simply bonded in a diffimtit maimer to the mettl. Geometric and linkaga inmeniie 
the two nuyor types of constitutional isomers. 

The most common type of geometric isomerism is that of the cisAnins type often obarved in squaie 
planar (4-coordinate) and ociahedral (6-coordinate) complexes. A meial complex is said to have a trans 
ooofiiniaiianof the ligaiids if two Hke groups are tiluatodopporite each other in 
iiietil, and a da MiMgement if the two Uganda are next 10 each other. 

NH, Cl KH,, Ci 

Pt PC 

/ \ ^ \ 

HH2 Cl Cl 

cis trans 

Another iy|>c of geometric isomerism that is observed in octahedral complexes having three identical 
groups coordinated to the metal is meridional/facial isomerism. The meridional (mer-) isomer is observed when 
the Uuee identical groups bound to the metal lie in the same plane. The facial (fac-) isomer has die three ideniicai 
gfoupa oocnpyiitg the Iko of the Ihteefidd axis of die metal complex. 



I 

»M2 



facial 



NH- 



NH2— M — CI 

« I 

NM3 
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Linkage isomm are iXMiibk wlwn ligands are capable of bindw 
with different donor atoms. Rumples include Ihiocyanale^solfaiocyanate (M-SCN/M-NCS) and nitro/nitrito (M- 
NOi^f ONO). Generally, one of the linlage iaooioa wiUbeilKniiadyamicaUy fawoKd.a^^ 

conditions one, the other or both might exiat. 

4. PMuUonal laomers 

As defined earlier, positional isomers arc, in the strict sense, not stereoismers. However, complexes from 
such iaomen do share some of the features of stereoisomers. Complexes from a set of posilioaal iaomeis can have 
liie nme mokcolar weight, size, Upophilicity, charge, and general shi^. Under dieae circumalances. like 
stereoisomeric complexes, any difl'erences in the biodistribution of these complexes result from the different 
apadal ovieniatioo of subsUmenta. The f oUowing two eaamplea demonsvaie the concqM of positional isomen in 
tBcbnetium chemialiy: 

Initial studies of the technetium chemistry of the diamidedithiol (DADS) ligand, shown below, 
demonstrated that the Tc(V)0 complex was formed in high yield in addition, thai complex was shown 

10 have piomising properties as a renal function imaging agent (^1). Analogues of the original DADS ligand 



wm pnpind. in wineh rtw porition of tiK caitanyl groups on ihe cail^ 
like DADS, provided monoankNic Tc(V)0 oomplexctfi^?^). 



In these examples, all the nitrogen atoms are amides, and so, in their teclmetiini complexes, these doaor 
atoms will have planar trigonal geometry. As a result, there is not expected to lie any confbnnaUonal diffcraMes 
in the chelate ring fonned by the two nitrogen atoms in these complexes, 

Another example of a scries of positional isomers can be found in the propylene amine oximc (PnAO) 

Ugands. and their complexes. Three ligands ^^^^ from the large number of I>nAO derivatives prepared 

C6SS) 

are shown below: 




DADS 



Me Me 




OH 



HO 



OH HO 



OH 



HO 



PnAO 



HM-PAO 



EtTM-PAO 
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lime amine odme figandi m poiilkiiid iMmen. Uri^ 

the cote of the Tc(\0O complexes fooMd ftom these Ugands (i.e. the complexes without alkyi substituents) are 

virtually supcrimposable (^'9), so these complexes differ only in the position of their aDcyl substituents. The 
position of these substituents has a mariced influence on the biodistnbution properties of these complexes. All 

diice oompleme con ilK MonMmM Iwite 

lapM effhixlhm die bnin^^^.wheKai the complexes of 0^ 

nieniimC^l* TcCVHIf-PAO demoiuiiles certbnl nplike «id ralHilim in mti. man, and Mmmm^^^* ^ 

whereas species differences are observed in the case of TcO-EfTMPAO: the btter complex demonstates 

brain uptake and retention in rats and baboons but not in man ^^5). Both HM-PA0aadEt1M-PA0 

possess chiral centers, which give rise to stereoisomers, as described Ma. 

5. 8leffMdMiiiistnrinTc(V)OConpl«mt 

The m^oriiy of examples of technetium comi^exes where stereochemistry is known to influenoe die 
biodistribution appeared in studies over the past decade on Tc(V)0 complexes. This bias reflects the amoontof 
effoit expended on this core towards the development of new radiopharmaceuticals, primarily due to the 
acceaalMBiy of Tc(V)coni|ilewi ftom pcftediwetaie.Tic(Vy)complexej«aybefonned from mono-, di',tti-, and 
leiradeataie Ugands. The more usual examples aie: 

0 0 0 

II II II 

.-TC-r, A'TC-n «'TC--, 



TeCradentate Bidentate Tri/ntQnodentate 




In all 3 cases, stereoisomeric complexes are possible. With letradeniaie and Iri/monodentate complexes, 
depending iipon die aynmielnr of die Hgand, at least die tiM> comidexes ah^ 

inversion of the TcO core does not take place. In TcO complexes with bidentate Ugands. donor A can be cis- or 
ttans- to donor D. giving 2 possible stereoisomers. More stereochemical forms are possible if the ligands possess 
cMnI oenma MuSfof moR dian one owrfiNmnlianal fim it poanble. I^w eianiplea are known of ii j/taMmodnMa 
Tc(V)0 complexesC32S, 696), go leview will oonceniiale on Ua-oomplexes of bideniaie Kgands and 
Mndenmie lifanda. 

SewenI Tc(V)0 complenasof diiol oonlabiing bidantaie ligands have been piepaicd. fiw example. 

nth Mr 1.7 ditMnl^^^^^ mercaploacclic acid^^^\ 2-mcrcaptoethanoI C^^^), and 2-mcrcaptoethyIaminc^^^'^\ In 
dm caie of dm S,0 ligands, the cis-isomers were isolated, although nmr evidence also indicated the presense of 
die UM> fcnnt of dieae ooiii|ilenet. 

The introduction of substituents onto the cartxm backbone (one substituent per carbon atom) of bideniaiB 
ligands will create chiral centers in these ligands. and provide a number of possibilities for stereoisomeric 
complexes. The Tc(V)0 complexes of dimercaptosuccinic acid (DMSA), and ils esters, have provided a number 
of aieieoiaomeric complexes. meao-DMSA has Iwo chiial oenten, bnt is not optically active due to internal 
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, Bowcw; ihCBt area nnnlMr of 1 



1 ponibOilies to fhe ToOOO-oompkx 



I — Tc— ° -Tc— R ' Tc - J, 

^ ^'^"^ R^P^ ^^^R 



R 



syn-endo 



syn-exo 



anti- 



Tbe syn-endo Goovlex im th» inqar isooierpi^^ 
lUt convIeK^^). Sabwqiieady, a nmr study demonstraied the pieMiie of die Other two isomers as well as 
the syn-cndo-fonti when the complex is prepared in a ligand exchange process with Tc-gluconate^^^^). In 
methanol containing an amine, the ligand m the syn-endo-complex racemises from the meso- to the dj-fonn; two 

ilBwoitoniedc tow of dJ»DM50 weBB idaMMedby ^Hmir, although one of ilwe two towiiriB lie omfalMe 



O 
II 



0 
II 

R 



O 
II 



The fint flxunple of stereoisomoism in Tc(V)0 comidexes from tetradentate Ugands came as a residtof 

studies to improve upon the renal clearance characteristics of Tc-DADS. Fritzberg et al produced a DADS 

derivative containing a c;irboxyl stibstitucnl; the ligand, termed CO2 

DADS(699) 

provided two 

99mTc 

-complexes, 

which could be separated by HPLC, and, when separated, demonstated different renal clearance properties. FAB 
K&ss spectrometry diowed that the two complexei woe idieniical, and they ware assigned as eta* and tuns- 

apimist^), oonfinncd snbaequently by a fidl sinicinni study<7^< 7^^). OritineUy. GO2DADS was prodoced 

from a racemic mixture of 2.3-diaminopropionic add: when this ligand was prepared from L- and D-enantiomen 

of this starting material. Veibniggcn et al(^^^) demonstrated th^ four stereoisomers could be fomed. resulting 
from the fonnation of syn- or anti- orientation of the caiboxyl relative to the oxygen of the TcO core, and from 
either the !>• or Inform of thel 

conplexes wove 

noied«»3). 
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N — ' 
0 



COOH 



S N' 



COOH 



S'Tc- 



N- 
0 




COOH 



OdierC^MiiniedDADS derivatives have been synthesized, but all saffendfiqni pnMemg fw*"*^ 

with the foimation of mixtures of stcreoisomcric complexes^^^* 702-704) Recognising that the potential to fonn 

mixtures of stereoisomers was an undesirable feature in the devekipnient of new radiopharmaceuticals for renal 

function studies, Friubtig et ai developed the ligand MAGjP^'^^, a ligand which contained no chiral center. 

Thiitiidi>]|JiMHit c cu tic i l iiiowdB wl o|wd>f>ooniiM 

ttcliiidim ivplMemeM Cor Bqv««n> Hoi^^ 

fiom a mixiiiie of eMntiomeric To(V)0 eon^^ 

isolated^^. Racemization of Iheliomeis (i.e. inversion of the Tc=0 core) does take place under relatively mild 
conditions, and, so, it is not surprising that only minor differences are seen in the renal clearance properties when 

each enaiuiomer is administered sq>aniiely to baboons or a buinan volunieerC^^). 



^COOH 



O^N S 
HOOC'^'^ 



Additional Henoisomers may be formed by making derivatives of MAG3 with single snbsiitiientt on tte 

t annber of ilieae ligndt have beea made fton aiepBoC^ 

Afain, biodisirilNitioii atndies of the 
on4liilit>iilU»C707.7(tt). 



One ma of leieaRll Aat has also been CniitAil in demonstnilng a biodistribotion dependence on 

stereochemistry has been technetium brain perfusion tracers. The major area of study has concentrated on the 
development of leiradeniate ligands for the formation of neutral. Upof>iiiiic complexes capable of crossing the 
Uood'bfnin banier. Two Ugands hBM dominaied Ihia aiea; prof^tene amine oidn^ 
(DADI). As deaciibed in the last section. Ibe lifind 

feature of high brain uptake, with good retention of activity for SPECTt'^). As HM-PAO has two chiral centers, 
it can form up to four possible stereoisomers. Two of these possible stereoisomers are identical (the meso fonn), 

-andl-HM- 
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The four nitrogen atoms in the technetium complexes of propylene amine oximes are sp^ (all bonds lie in 
one plane), and so there is no opportunity for this ligand to form conformational isomers. The stereochemistr,' of 
these ligands is associated with achirality of the ligand. Hence, there is a single stereoisomeric Conn of Tc-PoAO, 
but. as mentioaed earlier, there are three isomers of HM-PAO. and its analogue, TM-PAO: 

0 0 0 

r-ll^ r-IS 

TC-meso-Hl'I-FAO Tc-d-HM-PAO Tc-l-HM-PAO 

(As the abflohiiB stereochemistiy of d- and !• enanatiomen aie unknown, the assignoients of d- and !• shown bete 
SBMbiU'tty) 



Tlieiwtwhftwiiof flieBBBfiiiittwicMwI.bittMCCi^Mliteof Itaroiogt^ 

oomidexes, with tlie methyl groups being either syn- or anti- to the oxygen atom of the Tc=0 core. However, the 

meso ligands appear to form only one complex, with the methyl groups in the syn-orientation (^09) anti-form 
may be thermodynamicaily disfavoured due to crowding of the methyl groups on the side of the molecule anti- to 

the Tl>0 core. In the icM Slate, two ocmfonnMnnaliioiaen of ^ 
wwJww dilBf wite^pofTc. twonitiBfena>ore»aiidlliB|io^ 

md die bolt fm ta die odwi(^). PnaunaNy, Ihm it rapid to 

The 4- and 1- liomeit of HM-PAO each fsnn only one iienoisomerie coi^^ 

methyls IMO the amines syn- and the other anti- to the Tc«0 corc^^^X The d- and 1- complexes are enantiomers. 
In its commercially available form, HM-PAO is sold as a raccmic mixture of the d- and 1- enantiomers, despite the 

£act that there is some evidence that in vivo properties of the two enantiomeric complexes axe not the same^^^^^. 

The other tctradentate ligand for the Tc(V)0 core to be extensively studied is DADT. This ligand 
contains two amines and two thiol ligands. It forms a neutral complex (neutralising the +3 charge of the core) by 

deprotonabon of the two thiok, and one of the amines on complexalion*^^^'*). Thus, three of the donor groufe in 

Tc-DADT complexes have sp^ geometry, while one (the deprotonated nitrogen atom) is sp^. Therefore, this 
ligand theoretically can give rise to more than one stereoisomeric complex dne loeonfonnational differences. For 
tetradentate systems (unliVe bidentate ligands), once the conformational geometry of one chelate ring is 
established, the other two chelate rings usually can only adopt one conformation. This appears to be the case for 
die DADT syaleiii, which provides two confonniuionaltechnethi 

These conformational differences are seen most clearly in those DADT complexes which have an alkyl 
sabitiiBeBtai the sp^ nitrogen atoni. Iteeaaqfle. the conipiex NEM3Ainv 
p^eddiiqdsliiyl iidNlitnenU ftanns Iw^ 

HlriijC^^^^X TbcsB conipiexes do not have idendcal Uodisiiiboiion prapeftlesC283bX PcQUuaiion and 

characterization of these complexes at the level demonstrated that the two stereoisomers differed in the 
orientation of the nitrogen substituent relative to the Tc=0 core: the dominant stereoisomer had the syn- 

conflguiationt^'^^l^). Examination of these molecules indicates that each may also be a mixture of 
enantionMric fiMns. but no ii^ott ham afpeand on any attempted resolitfion of Ihe^ 
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0 


0 


4^ 






0 

II 



Tc-^-NEP-DADT 

0 




Tc-ud-NEP-DADT 

The number of possible Tc-DADT stenoisomen can increase fisttier when substilDents are added to the 
carbon backbone. Singte substituents have have been placed on the ethylene bii4ge (betwm 

nplKtall *• tm-dMelfavb: ej. DBA-BAT) (712-714), ^u]e, in anodier aeriet of li|iiidt (cdledEDAC^. 




NH HN 



EDAC 

DB&-BAT R . R* . andnoalkyl ox 

R s H; R' = aminoall^l 

Thcfe m sevoid telon giving rise lo smeoiMnneriMi In fteae complexes; ring confcnmiion, synltMir 
orientation of the substituent(s) (these factors are now separate, as the substituent is not bound to a donor atom), 
and the stereochemistry at the asymmetric carbon atom (8 possible stereoisomers). An X-ray crystal structure 
analysis of an analog of Tc-DEA-BAT has sixnwn two complexes, in which the C-substituents are either syn- or 
antt- to the TcaO care, bat with itesiQgteprotim oa the nilrogen in the chelate 

cases^'^\ No structural characterization of the EDAC complexes have been reported to date, but these, too. 
could provide several stereoisomeiic forms; the situation for the monosubstituted EDACs will be similar to D£A- 
BAT, iiMte fliB posM Stenoisomen te comiil^ 
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ECD (ethyl cysteinate dimer) is a symmetrical ligand with two chiral centers. As the ligand can readily 

be lynthesized from siaeochemically pure starting materials (L- or D-^ateiiie)^^ all stereochemical fonw of 
ECD have been made, and their technetium complexes studied. 

SH HS SH HS 



L,L-ECD D,D-ECD 



SH HS 



J 



D,L-ECD (meso) 



Single aleiMritomer technetium complexes are formed with D,D- and UL-ECD Olf)^ fii^ nieso foim of 
ECD could form qm- Md ami- conptexea, bnt. like meao-HM'PAO. oafy one ileieoiaoiner was observed, die ayih 

isomei^^**). 

These complexes display remaricable stereoselectivity in vivo. All complexes are believed to cross (or 
have the potential to cross) the intact blood-brain barrier (BBB). In vivo, these complexes arc hydroiyzed 

(supposedly by esterases) to the mono acid or diacid^^ When this happens before the molecule has crossed the 
BBB, die ooBViex is ettlnded irom Ihe bfiiii: if iMs haippens «^ 

diat die Iqidiolynd oomplex is nlaiii^ 
Uglherqiedes Is Mtributed to intra- cerebral hydrolysis of the traccr^^^*^). Using brain homogenatcs (as the sonree 
of the putative esterases), the relative rate of hydrolysis of ECD complexes is L,L- > D.L- > D.D-('^20) !„ 
addition, there are distinct q>ecies differences in the behaviour of Tc-ECD complexes, attributed to species 
dilfciences in eHense ooocentiation wud/v 'odivit/ Recently, it was liMind dial die Tc-oomplexes of die 

diacid fbm of ECD di«l^y iateicsdag feaai deamce prapeitiesC^ 
stereochemiatiy: die iiMSl pioiidslnff is die IJL-isoiner conqikx. wliieh 

MAC3. 

6. Stereochemistry in OctAbedral Technetium Compleaee 

Several examples have been reported where the possibility of geometric isomerism docs exist. Below aiO 
shown some examples where either (or both) cis/lrans- or mer/fac- isomers have been reported m octahedral 
oomiilexes. to SBvcnd eaamiilei, involving wturoted dwlale rings, conformaiional iaomeis might also be 
formed. Detailed discussion of the factors giving rise to ci^rans or mer/fac geometry appear in a number of the 
papers cited. As a general rule, however, it appears that trans-geometry tends to dominate technetium chelate 
cheniiiiy. 
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PPh(0Et)2 



OC 



\ 



\,^PPh(0BC)2 
Ph(0Bt)2P'^ |\ 

I PPb(0Bt)2 
CO 



CI 



PhMe2E' 



\ 



PhMa^P' 



^ -'PMe^Ph 
Tc 2 



\ 



PitooPb 



CI 



CI 



CI 



Ph(0Bt)2P 

Ph(0Et)2P' 



\ 



:j:^-.PPh{0Bt)2 

\ 

PPh(0Et)2 



PhM#2P 



Phlto2P' 



\ 

-Tc 



\ 



PMe2Ph 



CI 



CI 

.Tc(III)a3(PMe2Ph)3 
Bandolietal(SOO) 



»»wTc(I0a2(FPIKOEt)2)4 

These two complexes were prepared under similar conditions. Bandoli et al (500) discuss the facton 
which influettce coordination geometry, and attribute the diffeieiicec primanly, lo die ekctionic and 
steric distinctions between phosphinc and irfiost)hite f723> 




cij-Tc(VXX:i(2-methyloxine)2 
Wilcox etal(322) 




PhMe2P 1*1 ^ 



Ic 

C 

IUMe,R'»H Q 



R=H,R'=Me C o 



iraiii.Tc(I)(PMc2Ph)2(CO)2(diaz)2 
Marchietel(552) 



MR' 



8oN 



N 

Br 

C 

\ 
— Tc 



\ 



HjN 

0-a«-{Tc(U)NO{H2O)(NH2)4]2+ 
Armstrong. Taubc (213) 



iiKroTcG)NOBr2(TBI)3 
Under etal(S3«) 
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R 

A large number of TcQl), TcCTII), and Tc(V) 
dq)hosphine complexes have been characterized 
(307. 534. 724. 723). All (exceiK ttat below) have 
traiu-geometry. No steieoisoiners have been 
described, although it is possible that Xl5 
conformational isomers will exisL Mixtures of 
stereoisomers will abo be formed if the four 
phosphine sabstituents are not identical, or if 
substituents are placed on the ethylene bridge 
(726) 


r\ 

^ (nwdiylsoiDittcd} 
|Te(IXdi»pe)3r*' 

T^ah/ /Italic /\f thA ctnir'tTin^ nf thic orannlAV hsiw 

been published (724. 727). However, it is one of 
the few examples in technetium chemistry where 
A and A forms of a complex could be formed. 
Therefwe. it must be assumed that all biological 
studies with Itais OQiqpla (727) involved a 
mixiuie of theie two staeaiMowric fioiiiis. 


/\ CI 

cu-Tc(II)(p-chlorobenzenethiolalo)2G:>MPE)2 ff-<i/ty-Tc(n)(p-chl(wobenzcnethioIato)2(DMPE)2 
A mixlufe oC cis- and iraw-isoroeis were obtained on reacting tran5-Tc(V)0(OHXDMPE)2 with p- 
dthadiemaie iHol Older bMie oonditioin (728)^ 

benzenethiol (730), only the /ra/w-isomer of the Tcflll) complex is obtained Clearly, electronic 
factors favor Tc(II) over Tc(III) wiih/wiOioui the p-chloro-subsiitucnt, while sienc fxiors m ihe Tc(II) 
slate inlkntcs geometry' (728) 


Ma 

\ 

Ma—N 

Cl 

(pbenybnoiibown) 

»wu-Tc(MeNN)CI(DPPE)2 
Archer etal (671) 


M« 

Cl O 
mjp / 

PM13 

Cl 

0'a«-Tc(tolN)Cl3(PPh3)2 
Aicber etal (671) 
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Tc(V); R=(0=), R* = CI , H2O (326) BU and tridentate Schiff-base llgamb 
Tc(IID; R = R' = PPh;( (509) Ma2z» «t (327) 

Tetradentate Schiff base ligands (above left) have iiole opportunity to form complexes other than in 
Ac 9ianif<KicniatiQn, at Aowd. TIic ocnjugaiBd iB<4yii6iii foncs the Ugand 10 te ptanvv m no 

confonnationa] isomers arc possible. By comparison, bidcntatc SchifTbase Hgands potentially can 
provide mar- and fac- isomciic complexes; tridentate Schiff base ligands will give mer-comiriexes. 


i 

0 * 

ci^(IlBO0O(ol)2(H»»^ 
BaidMCtal(73n 


ci 0 

1 c 

1/ 

CI 1 
CI 

iBer-Tc(IIDa3(PPh3)2(CO) 
Feailsieioetal(666) 


^•-^ PItojFll ^--^ PMajPh 
»WiJ-Tc(Il/in)(PMc2Ph)2(pic/i>llttO 
Wilcox etal (732. 733) 


«ilfa2*— yic— PMaa*** >ia<— ,N-Tc-ci 

CI \=>C1 

Me 

jwr>Tc(III)picoline complexes 
Luetal(734) 
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